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GEOTECH ENGINEERING and TESTING • ACCREDITED 

Geotechllical, EIII,jrolll1le:" af. Construction " fa(eriais. and Forell sic Engineering 

Geotech Engineering and Testing (GET) is a Texas owned, multi-disciplined organization. OUT learn of 
licensed engineers, geologists, field and laboratory technicians, and clerical personnel combine their 
technical capabilities, past experience, dedication, and enthusiasm to offer the finest services available. 
The firm offers a wide range of services for public, commercial, and industrial clients in Texas, 
Louisiana, New Mexico, and Oklahoma. 

GET has a staff of about fifty-five (55) engin~ers, technic ians, and support staff. An of our employees 
are located in our Houston office. The firm, which was establ ished in 1985, provides the following 
services: 

o Forensic engineering, developing causations and remedial measures for distress in 
JOllndations, retaining walls, slopes, pavements and parking lots. 

a Geotechn ical engineering, including soil borings, laboratory testing, engineering analyses alld 
recommendations regarding Joundations, pavements, slope stability, retaining walls, ground 
improvement, construction considerations, etc. ' 

o Construction materi a ls engineering, including earthwork, asphalt, steel, and concrete testing 

o Environmental engineering, including site assessments, monitor well insta,llatiolls, Jault 
sllldies, alld underground storage tank contamination studies. 

, 
GET employees provide services on a vast number of diverse projects aT,ld clientele ranging from small 
architectural finns to large architectural/engineering companies, developers, contractors, and chain 
stores. The primary purposes of the fi rm are to promptly, accurately and comprehensively provide 
geotechnical reports, environmental studies and materials observations through our reasonably budgeted 
engineering servIces. 

Geotech Engineering and Testing and its staff members have been involved in the following types of 
projects: 

Commer cia l: Shopping Centers, Industrial Buildings, Chain Stores, Office Buildings, Hospitals, 
Churches, Retaining Walls, Service Stations, Fast Food Restaurants, etc. 

Residential: Subdivisions, Residences, Apartment Complexes, etc. 

Industrial: Industrial Sites, Petrochemical Complexes, Towers, Marine Tenninals, Sea Walls, 
Electrical Substations, Power Plants, Tank Fanns, Flare Stacks, Machine Foundations, 
Bulkheads, Erosion Protection Systems, etc. 

Public : Wastewater projects, Roads, Bridges, Prisons, Parks, Airports, Stonn Sewers, Pavement 
Repair, Educational Faci lities, Libraries, Water, Dams, Slope Stabilization, Buildings, 
Fire Stations, Waste Disposal Faci lit ies, Environmental Site Assessments - Phases I, II, 
and III; Underground Storage Tanks, Tunnels, Rai lroad Design, Ground Storage Tanks, 
Instlllmentation, Drilling and Sampling, Fault Studies, Subsurface Studies, etc. 

800 Victoria Drh·t · Houston, Tuu 77022-2908 • Tt l.: 713-699-4000 • Fu: 713..(i99-9200 
Texas · Louisi.nl · Ntw Mexico' Okla homa 

Wtbsite: www.geoluheog.com 
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MISSION 

The mission of the Foundation Perlormance Anocl.lio n is to Improve 
the perlo,m,mee of foundalion, for residenlHlend other /ow-ri,.. 
/wildings. 

The ta rgeted membership of the Foundation Performance Associa tion 
1rw: llIdes strvct~rat end geotechnicallll1gineers. consu ltants. ~ rchitects, 
builders, r.spedors. and repair contrac\or$ actively engaoe<lr. the de:s.lgn. 
engioeeri1g, constrvclion, inspection, assessment, and repair of tlghlly 
loaded foundation, In TeKas. Also largeted as associate or CCK1IQ8te 
members ani product manlJlaclurers. vcndOf$ , developBNI, attorneys, 
warranto rs , realtors, lenders, appra isers, Insurers , and other professionals 
r.volved in foundation mairlteMrw:e. materials. t;tigation, warranty. finance, 
ins~rance, and other aspects 01 the residential and norlresidenliallow-rlse 
building industry. 

To accompl ish our missioo we will : 

• Provide and maintain a nonprofit technical organization with 
appropriate bylaws lor the targeted membership. 

• Regularly hold open technical meetings. seminal'll, and olller events 
r. ardef to educate oor targeted membership and the public. to 
promote the Improvement in foo nd~tion performance, and to etevete 
the staodards iJild ethk:s of those engaged 10 the founda tion Industry 
for residential and elher low-rIse b~ikling5 . 

• Organize committees with appropriale rutes afld peer review. with !he 
goat of researdow,g and writing dowments sudo as guides and 
recommended practices thai are benefocial to our ta rgeted 
membership and the pub lic. 

• Publish Oltf dOCOOlents throogh II webs~e, meklng lIlem freely 
avaiablft 10 our targeted membership and the public. 

l /www rnunciRl i nnnerrormance.mWmi~~inn . hl1nl 

Pagtlofl 

QI \nnflll~ 
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SEMINAR - FOUNDATIONS ON EXPANSIVE SOILS 
PROGRAM AGENDA 

FRIDAY, SEPTEMBER 23, 200S 

T oo;cs 

Registration 

Seminar Open ing by 08~i d Eastwood. P.E. P.. ,Yll:; fJl. 
T,ibute to Pfolessor Mic~eI O'Ne~1 - Mr. t<e,,'::t .. Tr:l1 P.E. - Kennetll Tend 
and AsSOCiates. Inc. 

Introduction of Unsalu'atlKl Sols by Dr. Lytton, P.E. 

Computations of Swell and Sllrinkage In Expansive Soils - Or. Lytton 
[}ev~ment 04' Volume Cllange Parameters 
Use 01 Soil Suction Concepts 
Depth of the Moisture Active Zone 
Depth of tha Movement Active Zone 
Comment on PVR 

Break. 

Continuation - Lytton 

Field EJ:pIofation and S~e Conditions - Meyer 

Laborata<y Testlr.o - Meyer 
Swell Tesls Procedures 
Soil Suction Tests 

Break 

Geotecn.nical arid Slrvct .... aI Des;gn of Post-Tensioned Slabs·on·GrOl.l'ld us11'IQ 
PTI 2004 Manual and Computer Pfograms VOLFLO 1.5 and PTlSlA6 3.0 -
Meyer. Read 

"'~" 
Continuation _ Meret. Re~d 

Design Concepts of Verlous Foundation Systems _ Or. Lytton 
DI~led Foot ings 
Floating Slabs 
Moistule Barrier 
Root 88fller 
Pavements 
,.",9 

Break 

Constructlon Maintenance and Inspection - Price 

Bleak 

Forensic Evaluation of Foundations - Mr. Eastwood. P,E. 

Lega l lssoos - Il10' , OevNj Dorr, P.E., Esquire 

Panel Disl;ussion 
Questions end AnSW1lIS 

AlIjom 



Seminar - Foundations on Expansive So ils 
Course Notes 

, September 23,2005 
Table of Contents 

Mr, Va" ld Eastwood. P.E. Rl"Su llIe 

Development of Design and Remedial Measures for Lightly-Loaded Structures Founded on 
Expansive Soils with Trees in Mind 

Homeowner Maintenance Program 

Dr. 1-\'1100, Ph .D, P.E. - Resume 

Appendix B: Soil Suction Conversion Factors 

Indi rect Measurement of Soil Suction 

Engineering Structures in Expansive Soils 

Estimating Soil Swelling Behavior Using Soil chissification Properties 

Foundations and Pavements on Unsaturated Soils 

Foundations on Expansive Soils - Houston - September 23. 2005 

Prediction of Movement in Expansive Clays 

Ranges of Suet ion 

Shallaw Slides in Campacted High Plasticity Clay Slopes 

Slab-on-Ground - a Finite Element Methoo Analysis 

Soil Suction Measurements by Filter Paper 

Soil Water Potential Energy 

Standard Test Method for Liquid Limit, Plastic Limit, and Plasticity Index ofSaHs 

Standard Test Method for Measurement of Sail Poteotial (Suction) Using Filter Paper 

Standard Tesl Method for Panicle-Size Analysis of Sai ls 

Standard Test Method far Specific Gravity of Sai ls 

Soil Suction Measurements by Filter Paper 

The Transistor Psychrometer 



M r. Klrhl' MI'\,l'r. P.E. and Mr. De~n Read . P.E. Resumes 

Field Exploration and Site Condi lions 

Applicalion ofGeoiechnieal and SiruclUral Procedures fOT Expansive Soil Using PTI 3n1 Edilion 
Manual 

1\Ir. Ruuel Prke. P.E. Biol!raphv 

Post-Tensioned Prestressed Concrete 

Mr. l)nvid DOrT, P.E .. Es(]uire 

Liability Managemenl in Foundation Engineering 

FOOlucbt inn Performance Assodnl ion Dotu mr oh 

Post Foundation Repair Performance of Residential and Other Low-Rise Buildings on ~xpansive 
Soils 

Foundation Design Options for Residential and Other Low-Rise Buildings on EXp3f\sive Soils 

Distress Phenomena Often Mistakenly Attributed to Foundation Movement 

Recommend Practice for Geotechnical Explorations and Reports 

Foundation Yiaimcnance and Inspection Guide for Residential and Other Low-Rise Buildings 

Design. Manufacture, and Installation Guidelines ofPrccast Concrete Segmented Piles for 
Foundation Underpinning 

Quality Control Checklists for Foundation Inspection o f Rcsidential and Other low Rise 
Buildings 

ASCE Papers 

Rccommcnded Practice for the Design or Residential Foundations 

Guidelines for the Evaluation and Repair of Residential Foundations 
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DAVID A. EASTWOOD, P. E., C.A. P.M. 
PRESIDENT 

SUMMARY 

Mr, Eastwood is the President and Chief Engineer with Geote<:h Engineering and Testing (GET). He 
has practiced forensic engineering for about 26 years, serving in key technical project management and 
administrative roles. His experience in these functions includes a wide range of project types and large 
capital investments, ranging from commercial, industrial, residential to infrastructure projects. Mr 
Eastll'ood's extensive experience is to provide clients lI'ith causations o f distress on distress projects. 
Mr. Eastwood's experience has been in the areas of buildings, roads, parking lots., slopes, retaining lI'aUs, 
sewer leaks, pool leaks, etc. 

EDUCATION 

1977 Bachelor of Science in Civil Engineering, 
University of Houston 

1978 Master ofSc;ence in Civi l Engineering, 
University of Houston 

1978 Present 
POSt Graduate studies al Princeton, Rice University, and the University of Houstoll 

LICENSES 

licensed Professional Engineer - Texas No. 51419 
Licensed Professional Engineer - u.uisiana No. 25966 
Licensed Professional Engineer - New Mexico No. 12576 
Licensed Professional Engineer - Oklahoma No. 17513 
Corrective Action Project Manager· Texas C.A.P.M. No. 0 1 181 

EXPERIENCE 

1985 - Present 

Geotech Engineering and Testing, Houston, Texas - President 

1978 - 1985 

Various Companies, including McClelland Engineers, Inc. , Terra-Mar, Inc. and National Soil 
Services, Inc. 

800 V;,o.rl. Dd .. • II """ • • • T" .. 77~ 11.190S • Tri., 71J--69!O .. OOO • f .. , 7' ).69!O.'lOO 
T .... • I.>.hl ... . ..... ~ ~'"ko • Oklaho.,o 

\\".,.1", ...... ,I ... ' .. 'h.nl-tom 



OVERALL EXPERIENCE 

1. Forensic (Foundation) Engineering and expert testimony for residential, commercial and road 
projects. Mr. Eastwood is the founder and fonner President of the Foundation Perfonnance 
Association, an association of engineers specializing in the evaluation of distress. Mr, Eastwood 
is on the Design Committee of Texas Board of Professiqnal Engineers, Residential Foundation 
Committee. In addition, Mr. Eastwood is the Chainnan of the Post-Tensioning Institute Slab-on
Grade GeoteChnical Subcommittee. This committee develops geotechnical design guidelines for 
design of post-tensioned slabs-on-grade throughout the United States. 

2. Mr. Eastwood is on the American Society of Civil Engineers (ASCE), Texas Sec tion, Commi!}ee 
that developed the document "Recommended Practices for the Design of Residential 
Foundations." 

3. Soils and foundation studies for design and construction of bui ldings, chain stores, subdivisions, 
high rises, parks, schools, shopping centers, apartment complexes, prisons, petrochemical 
complexes, highways, bridges, water, wastewater, ports, airports, rail projects, and waterfront 
structures. 

4. .'\nalysis of experimental test data and correlation of data with respect to swelling characteristics 
of expansive soi ls as Ihey relate 10 design ofresidential and commercial structures. 

5. Extensive computer programming and analyses capabilities with respect to: 

(a) heave 
(b) slope stab ility of embankments 
(c) pile foundations 
(d) selllement 
(e) dynamics of foundations 
(f) seepage 
(g) expansive soils 

6. Environmental site assessment studies, waste management, field studies, monitor well 
installations, laboratory testing, recommendations regard ing contaminations of landfills, 
underground storage tanks, remediations, and pennitling. Mr. Eastwood is also a Corrective 
Action Project Manager (C.A.P.M.). He is also a Certified Environmental Inspector (C.E.l.). 

7. Geologic fault studies. 

PUBLI CATIONS 

"State of Art on Expansive Clays", report submitted to the American Society of Civil Engineers 
Shallow Foundation Committee on Expansive Clays, 1978. 

"Hazards of Expansive Clays", Presented before the ASCE Convention in Ponland, Oregon, 
April, 1980. 

"Methodology for Foundations on Expansive Clays", published in December, 1980 edition of 
ASCE Journal ofGeoleehnical Engineering Division. 

'------------ GEOTECH ENGINEERlNG AND TESTING ___________ ...J 
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"Geoll:<:hnical Considerations in Design of Hazaro0115 Waste Impoundments", presented before 
the ASCE Texas Section Spring Meeting in Fort Worth, Texas. Mm:h 1982. 

"R~ommcndcd Homeowner Foundation Maintenance Program For Residential Proje<: ls In The 
Houston Are a", published in Apri l, 1990 Edition of Houston Builder. 

O. Eastwood "Geotechnical Guidelines For Design of Residel1lial Projects In The HOllston 
Area", presented in lhe Soil-Structure Interaction Seminar, July 1994. 

D. Eastwood and others "Reasons for Foundation Failure", presented in the Soil- StruclUre 
Interaction Seminar, Houston, June 1996. 

O. Eastwood and others "Design of Foundations wilb Trees In Mind", presented before lhe 
ASCE, Tens Section, Spring Meeting in Houston, April 1997. 

D. Eastwood and others "Design of Residcntial FOlllldations on E};pansive Soils in Tcxas." 
Report developed for the Texas Board of Profe!;siona1 Engineers, March 1998. 

D. Eastwood and others "State of Practi~e for Geotedmical Engineering for Design of Custom 
Homes in the Houston Area between 1990 to 200\" Presented before ASCE, Texas Se<:t ion, 
Spring Meeting in Arlington, April 1002. 

D. Eastwood and others "Application of the New em, Ym Soil Parameters" Presented before PTI 
Conference and Exhibition May, 2002. 

H. Stephen Tien, Ph.D and D. Eastwood, P.E. "Case Study of the Pavement Distress at a Service 
Station'· Presented before ASCE, Texas Sttlion, Fall Meeting, Dallas, September 2003. 

H. Stephen Tien, Ph.D. P.E. aoo D. Eastwood, P.E. '·Case Studies of Residemial Foundation 
Movements in Southern Houston Area" Presented before ASCE, Texas Setlion, fall Meeting. 
Houston, September 2004. 
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DEVELOPMENT OF DESIGN AND REMEDIAL MEASURES FOR 
LIGHTLY -LOADED STRUCTURES FOUNDED ON EXPANSIVE 

SOILS WITH TREES IN MIND 

David A. Easlwood, P.E. snd Richard W. Peverley. p.e. 
Peverley Engineerin\il.1nc. Geotech Engineering and Testing. Inc. 

800 Victoria Drive 
Houston. Texas 77022 
7 13-699-4000 

7207 Regency Square, Sle. 108 
Housl0n. Texas 77036 
713-977-0328 

ABSTRACT 
A reView 01 t~ CU'feo'1t I!e.plure in the Ur.lea Steles Sh<.>HS Ihem may De an aoseoce of .. practlcal 
approaches lor lhe des ign of lightly-lOaded strUC1ures fC<Jr'\ded on expllnSive clay soils where 
trees ale jrwDived. A~ a result, many such slruclurcs which have experienced distress as a lesuli 
of the lad< of lhe COtISi<!eI;ltion oIlhe eHect of trees in the design of lOOse structures. The authors 
oIlhis paper are II pan 01 a Houslon Ofganlzatoon caHed the FO<.ndal ion Perlormal'lCll Committee. 
One 0/ the aChvities 01 this Commitlefl is \he investig<lt ion <lithe adverse "Me(! thai the presence 
and/or the removat oIlIees can have on tightly·loaded sllud .... e'. This paper Includes lhe resullS 
01 this aclrv~y. and 81so ondudes rhe results 01 a t~er81tKe ..... IIVey. B revoew oIlhe 'arltKes of some 
foundaliorl$ 'Wt>ow cause has been atlJib .. n/14 to the p<esence 01 andIo< the r_a! of Irees. 
de~';;~ recommendalion$. and r~i;$ where Ifeel have bean ideollifoect &llhe ' cause. 

INTRODUCTION 

A signiflCanl number of rCsljenliai bu ildings were con· 
strur::ted in tile greater HOUS\OJl are in the 1950 ~h 
1970 lime periods. Many of these boik!~s were 10000ed 
on expansive soils and on blidi'lg lots . .... hich were voicI 
01 vegetation. Trees were !hen pInecI after lte;e IJI.iItj. 

i'Ig were sokI arlf eventual)' lhe WOOS matured ;nI caused 
loof11alioo faiture 10 occur. Corrective measures geoer. 
ally inck.o:.led lIle ooderpinoing 01 the fClUlldatioo pem. 
eter beam I.ISilg dri 500 piers &'l'Ilater pressed piles. Wheo 
piers were used, this approaoch had, at best. a limited de· 

gree of sua:ess. The type 01 failute f'IX);je. wl'ereby treeS 
cause tile sentemenl oIlIle perimeter 01 rcsir.lential, ard 
other ~ blidi'lgs, hils rece/"tecI a sigrVC3JII aroourtt 
01 publicity il rew-II limes.:rld. as a resull. tn"ne 0wn

ers. building remcxleing COJlIfat\OlS. home l1riIders. ele. 
have become awae 01 this problem. FlOI1ltlMs. an eo1ire 
iOOl/Stry has grown wI'd1 provides measwes to control 
tI1iS ~lem. 

Some J'()lice oIlIle rTl8fVIeI' i1 which trees coo P"OOUC& 
downward def\el:tiJJls i1 resid&nllal slab-oo--grwnd 10Ut'l· 
dalions began 1O;wear i1ihe e.:rty 1970's. For ffilTlpIe, 
i1 1972. Davis'" St.mIII3IIzed e;listl'lg papers which ind~ 
cated that rea-by trees a:UcI attver.;eIy 1IfIed 1out'lSa
lion pertormaoce. DaviS atKl Tucker'! pubished a Tech-

nical Note whi:h provi(Ied data whith sho::Med thai Posl 
Oak treeS Ioc8ted South of Arlington, Texas, io::urred ~er· 
tical movemeJT!S 'ar)'ing from 1.2 ~s to 3.4 inches 
between the end oIlhe summer months arK! the end of 
the wnler rmnths. The U~ity 01 Texas ill ArtiogIOn 
condOC1ed an iTvestigation 01 69 crbardoned residential 
buildings"llltdl were foon:Ied on ctay soils irO re!X)fled. 
among o~ thilgs. Iha1ltre 8):.ifaclion of !lllislllfe from 
the soil through the roots 01 vees. causa:! modemle 10 
severe denect'ons in Ioondallorls.'" In 1974. Buckley 1<t 

presented dala which showed damage 10 foundations 
caused by trees. Kramer and KoztowskiC" identified the 
com~atjVil~ I"ligh lroospiratiorl rates of some trees in 
1960. In tsa7. Peverley and HiJI)'S'" proo.'ded mea
sured deflections i1 a residen~aI folnIation which tI3d 
been prool.lCed by near·by trees. 

The fI\a1<ler j-J which trees can Co'I,.ISe dowrrNard dei'lec
liOfls i1 resi:lenlial $lJb.on.grtlO'ld loInIations has. tllefe.. 
m. bee!1 mill c!ocumenled. Simply stated. in oilier 'iO 
satiSfy their need lor Soi l water. trees can desiccate lhe 
soil upon which \he outer edge of a Ioundation rests. re
solti'rg in the shrill:il<}e ot IIle SOil with the atlendant loss 
01 SOil SlWOfI. FDlRIlJlioo distress attributable to such 
CilUses haw! occmed witn such 1egt.Uity in \he greater 
HOUSIOl1 aea as 10 haw! caused a major alleratiOl1lO the 
turdanlenlallourlfatioo design and constndion conceptS 



with wore in effecl lor ye~s. Nol ~s wei understood, 
tiowever, are the ad'Ierse enecls thai the rerrova' of larga 
Irees ca'l have on reconstructed 100000ations, even where 
they are res~ng on dr iUed piers. Equaly rrisunderstood 
is !he reta\iollship between tree root ",owlh a/ld under
IlIOO SIlwer leaks. 

The purpose 01 this paper is 10 exp/ofe \he ad>erse ef
fects that trees can ha'ie on residen~a' foundation per1or
mance based on the expe rience of others as documented 
in the ~terdture, based on !he pefSOllal experience ollhe 
aulhofs, and based on an accuroolalion of informatiOn 
form lIle FoundaUoo Perfwmance Corrmittee, This p~ 
per -,.,11 be presented in !he IIlrw foCowing basic parts; 
foundation edge settlement produced by sci shrinkage, 
foundation ed~ heaving caused by soil ~1I1X1, and fotn
dation centar selOement caused by the interaction be
tween tree roots and under·slab sewer leaks. The me
chanics of sLcll COIld itions abng \lith proposed correc
tive measures wilt be discussed. E.x.anllies .... il l be pre
sented. 

SOtL MECHANICS AS AFFECTED BY TREES 

THE PHYStOlOGY OF TREES 

Trees have Ior!g been considered to be a benefil to man
kind. Trees have been wr itlen about as many as 4QO() 
years ago,l7I Trees aosorb heat as they lransporate, pro
vide shade, and reduce solar radia~on , Th<lyenhance 
air pl.llification, aid in the control of erosion, and can, to a 
6mited degree, provide some noise redllCtion benefits. 
Perhaps their most appreciated benefit is their aMt)' 10 
enhance the ooauty 01 the SlJrraonalfig landscape. One 
can appreciate !he beauty of old oaks whose branches 
provide an urrbrena lor many ofllle roads in the old South 
or whose scu\plure anhmces the sky~ne of lila Pacific 
CoasL 

Trees do have their downside. Th<l'l Iintls faU injur'rlg 
property and people. In the Gulf roast, people hQ\'6 been 
iojured or killed oy fal lng trees. Tree roots clog SIlwers 
and break sidewalks. Trees can also increase !he oZOI1e 
conlenl of lIle air, damage elec~ical power flieS, and io· 

, tartere with UHF reception. Perhaps the highesl oosl of 
-trees is In heir d::mage to residential foundations. In 1973, 
Jooos and Holtz III estimaled the annua' 00$\ 01 expan
sive SOIls in the US to be 2.2 bilion dol lars. In 1982, 
Pevmley & Hanys i<I esUmated the rosllo repair only those 
residential folnlations In \he greater Houslon, Texas real 

eslate markelfor a 6-roonth period 0/ tins 10 be ~ ex
cess of 28.5 mruon dollars. If Ofle were to conservatively 
es~male that CWlIy 50% of these foundation foilures were 
caused by trees, the oosls woold 00 obviou~ enormous. 

Trees are 1M largest plants in the world.ttI Trees can 
geMrally be classified as needle· leaf or broad leal (de
cidlJOus). Tile essentia' paris of a tree are the crown, the 
Nlk, and lIle rools. The crown oontans tile IeQ\'BS, wlVch 
essentially absorbs SlJnlight and converts il inlo food. Tile 
roots are the fastest growiflg part of a tree. Tiley coIlecl 
waler and ~aIlsporl ill/vollgh the ~urlk to the leaves in 
the form of sap. The trunk provides the \fansporting 
mec!\anismbetween the leaves and the roots ald is made 
up of the heatwood In the center,the cambium layer al 
the outer edge of the trunk, and the bark, .... hich provides 
the primary prolection. Roots grow ont)' as fast as they 

, are provided energy from the leaves, The ~M system 
oonsists of \he circulation of ..... ater from the rools upward 
throu?h thek trunk in the form of sap. When the sap 
reaches a leal, the water evaporates into the ak The 
sap br~s rrineral salls from the earth to the leaves. Tha 
chlorophyll in the leQ\'es acls with SlJnlighl to convert the 
salls into food through ptiotosynihesis. This food !hen 
flows back info the Irae system throvgh paths just below 
the nark. It ~ thi~ system which makes a tree rNa. 

In engineering terms, we are primar~y concarned with the 
term evapotransporation; i.e., the withdrawal of moistUfe 
from the soil and its eventu~ transporation into the atmo
sphere. Attempts hQ\'e been made 10 quanUIy this term; 
however, the resu lls h~ve ['101 always been uniformly ac· 
cepted in the engineerin!jl arborist corrm.mities, prima
rily because of the inabili ty to accuratety measure \he 
rroislll'e Iosslreplacements in the so'j troder rrost trees. 
DI~1fI presented a ranking of trees in lerms of lhek 
damage polential. A modified copy olltUs ranking is c0n

tained in Table 1.1"1 

2 

In the greal61 Houslon area, we do not have an abun· 
dance of Poplar trees; however, f1ere well may be more 
Oak trees than any others. Nso conlained in this docu· 
menl is an example of seasonal moislUfe cootenl varia
tions, which is shown in Figure 1. Of interest ~ the ider;. 
Hocation of a zone of permanenl moisl1ll6 deficisr.cy. TOis 
concepl was iurtl1er exflklred by Biddfal'~ who measured 
the so'j moisture content in the close proximity of various 
kinds of frees which were growing in a variety 01 day 
soils, all of which were in England. A combined moisture 
reductionfmoisture deficil curve for a Poplar tree growing 
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il a Bofder Clay (PI: 29''', is shown In FiglO"e 2. Tila 
moisture defidl CUNes are calcufaled by IllJHi~ing the 
change in moisture conlerll by Ifla appropriale layer Ihick
OOS!!. In reviewing this CUNe, ~ is sigrlilicanl !hat it does 
represent the most severe condition lor a ~oo which has 
been judged 10 be 01 a lesser threat than \\OOId 00 an 
Oak trea ~rovMg in a soi whose PlasOOfy Index is less 
Ihan some 01 !he major areas in the greater Houslon, 
Texas area. The availabilify 01 such data ill Engl(()(! has 
had signifICant Impacts on the construction OOaineS!!. 
Whereas It was considered to be iflllractical to p1ii1l1 any 
~ee doser 10 a Joundation than ils ultimate heigh~ these 
dala do provide some bases for lhe planlirlg 01 certain 

Separation between Millirrun f&COlmYJndOO ~ra6on 
~eeandWldnglor n sIvW:at:le d,y: rnolrlls 
75% 01 cases: melreG 
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FlgIJl"t 2. M .. ampl. 01 soli moI.lu,. and ooil moI.lure d.r.cil 
redLJction ."", .. 1« popIJl .. If ... on 0 ~der cloy soil In 
london, Engl.nd 

trees closer 10 buiklirlgs, assuming the data provided for 
Ihese cur;es are considered. They also demonstrate the 
lolly 01 sinpfy removilg existing trees In expansive soils 
lor the construction of a new residenUai structure. 

As day particles are formed, th8l8 are usually several 
poInts in the particle arrangement where !here is an elec:
trical imbalance; Ihe O>Ie"~ical imbalonc:e is Increased 
...me1l€'<6r a 'strilg' 01 clay particles is broken apart. Thus, 



- , 

toe r&SUlt is #kIt.i d.iy parkle IyJicaIy has.i neoave 
neI eledrical charge OII lts wrfaot_ Sh::e nature !lin .. 
INrogs to be balaooed, 'IrtleneY1II a waler rrdOOJle drills 
dosa anough to !he surfaot 0/ a day partida, !he nega
tively charged surface o!!he clay partida causes Ih& posi
lrIe end o! the water moIerole to IlKn Ioward Ih& particle. 
If ~ is close eoour"t\lO hi partcle, Ile water molerue is 
attracted to the clay par1icIe liUI1aot wfticierlIIy "'cr41 
1tlat Ihe water moIerua become~ !rapped. Also, 1.Wl1~ 
\ached or 'froo- positively charoed palides, called 'ta\

lons', lend 10 ~e I sphefica/.sIIaped ;nangement 01 
watBf rroIee\.Iles ....tIkh hrve lie/( negative er.ds li"ecIed 
toward the posili'/eJy charged cation (and !her positi';e 
ends directed aWi1j frGm tI!I cation). When Ih& he cal
iorI is 'captured', walGr molecules approach a day par
!ide. The attraclion between tht negatively charged cI.iy 
par1iclll Maca 3Ild tit positiv&ly charged outside 01 ttle 
cation sphera o/water ndearIes COUS8S Ihe ~ 10 M 
'captured' by lie dJrf pri:fe, thus increasng Ihe iImlU"II 
0/ wate!" associated WoIh \he r;:by pri:Ie. 

Clay partides are very smal A 1ypica' xaol"llile particle 
mlgh! have a Iota' surface area (lop, bonom and edges) 
o! approximately 1 x 10-5 mm' (1 x 10-10 Il', or 
O.OOOOOOOCXl1 n'l. As arus go, this is very smaA. 
Smeclite p.ncles hrve a diame!elilat is 100 10 1,octO 
times smaIIef Olilrl kd"ile part;:les aOO a ttic:kness ~ 
is 1010 400 limes thinner fIal kaoWIlaIllI and, COlIS&

quel"lly, typicaIy hav9 a larger suface area pel particle. 
Th.Js, a dngle poood 0/ monlmorlonile particles ~ 
nrve an inaedible t~aI Mace area of appfoltimale/y aoo 
acres (325 hectares) I'~ l'ith ",tJC:h 10 attract waler. 

Thus, exparlSive soils are very GIllalf in size and have a 
large lUfooe area Ilat attracts frea ..... aler. 8etaIse 0/ 
llese characteris\ics, ~ is easy 10 see why it is &aid flat 
expansive wi!; are lhD$e day$ fIaI axhbt an ex~eme 
dIange fl voUne. 

Soil suction is a measure of free energy of the pofe·wa!er 
or tension s~e~ e~erted (I() tile pore·water by sol rna
~ix. Soi sucOOn is, ill praclicallerms, a me.sure of the 
affinity of the soils to re(aln waler and can provide i1for
matiOll on sci paramelars thai are 'rlfuenced by soil wa
ler; e.II., voh.rne c:t\anoe, delormalion, and wengtl mal'
acterisfcs 0/ sol. The soil ndorI is ~3SlI"ad usWIg he 
ilteJ paper m311Kd in act"OIdanca IMlh ASm D-S298. 

The ooi suction is dvicSed into!oMl torll'OMIlls; Matrix 
r;uclioo and osmolic suctiorI. The rnatri~ suclioo is the 
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llegaW9 pr8SSU"e (expressed as iI pOOIiva vakJa) rei. 
tive 10 arrbimt atmosptlaric plessure on soi water, to 
'IoNch !dJ1ion idenIicaI i1 CI:l!"f'CXlsitiOll .,.,;th fie ooi waler 
must be subjectoo in order 10 be., &O,uilibrUn thrOllQh a 
pofous permeable wall.,.,;th soi wallll; pressure &O,uNa
lenllo permeable wall'ilh (/Ie soi waler; and preSSU(e 
~alenllo fIaI mrlasu&d by \est methods 02315 and 
03tS2. 

The osmotic sucion is toe negi11N9 pressure \0 VihIch a 
pool 01 pue water rrusl be atJjected in WOOf to be In 
IIq\.IiiJfiJm ~h a &8fTi..permeabie merrbrane \lith a 
pool oonlalning a solution klenlJcalln OOf"I'llOsWon l'ilh 
soil waler ; decrease J1relative hurTVdity doo 10 !he !'fos
sure of dissoll'ad &alts ., pore-waler. 

FOUNDATIONS ArID RISKS '· 

Many ighly loaded IoI.ndations Bla designed and oon
dructed on the basis 01 acorKllTics, risks, soil type. four\. 
dation ~ and wucturalloading. Mar1)' times, r1Ie to 
&eorlOnlK: considllfa6cms, hlgner risks are accep(1I\! in 
foundation design. MQ sI oIlhe Vme, the foundation types 
are &elected by the ownerlbullder, eic. l! should be I'lCled 
thai some levers of risk are associated witt! all types of 
Iooodations and Mals I'lC wch Ih'rIg as a zerO) risk Joun... 
dation. I'J of fIese Wldations 1I"Il$l be slitlened in tie 
areas 'Mlilfe expansivil soils are present <Ifld irll8S haYa 
been lerooved prior Ioo::mtruction. The lomr:Iatioo types 
typical,- used in the area with Itneasr,g levels 01 risk 
iII1d r1eaeasilg levels o! oosllille discussed" Table n. 

The abovB rerommerodalions, with respect 10 the besl 
loundatiOlltypes and risles, are very genefal. The best 
type of Iooodalion may vary as a lnction of slnJclurai 
tooong and soil types. For exaflllle,ln some cases, a 
klaIIIg ~ bnSaIion may perform bailer tlan a!tiled 
fooIilv lype lolnIalion. 

FOUNDATION PROBLEMS CAUSED BY TREES 

FOONDATION SETILEMENT PROOl.CEO SY SOIL 
SHRINKAGE 

Several aoflors as far bad!; 8$ 1960 hrve ~ed 
this type 01 dishss..tl~ BuckIey"l proposed flat ~Mt 
be par:ad I'lC closer 10 .i re5idential b.nr:IaIiorl tlan u 
ultmate height The basis for tlis re ..... h".,ndation is 
con!ailed in Figure 3.11 wu no!. howavllf, widely recog. 
nized by the designers and conslructors of the milions of 
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homes buill on mnaelo slaiJ-orl..grc:uld 
he 1950 tme period. kll-lous!oo, TMas, as ~ e~iIfT'9Ie, 
tilt post World War II buikf'"ll boom i'd..oded ~ds of 
100,000 homes consIructed illhe ~st par1 oIlhe 
Cily, IMler(l !he soils _0 typically vefy 81+1ansive ... 
most C(lSOS. these homes wore inihl~ CXlI1Strueted In 
subdivisions outside of !he City IirriIs, 001 wore laler an· 
rwlxcd by ttm CiI)'. Thus, 110 building codes wore 8Pp~9d. 
Since this real estate was largely farm land whid1 was 
barren of hltis, one of fle IhirlI/slhaI were ~ by inci
vidUil hornemIners (and even wme subdivision 6evel
opars) was kI pI;D: ~ees n !he y .. d do$81o fie /cuICIa
lion. Trees such as Oaks, ctm Besry, and Pecan wel9 
populII' becausu t.ey were liard)'. When the treell en
'181611 inlo tlei period 01 map- lII'ov.'Ih, flu waIeI de· 
mands steadly meased and Ianlation poblems be
,~. 

Studiesl'~ have shown thai when a slab 1$ placed on 
grourICI, evaporation of ~ moisturB is rotarded, If the 
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roil is desl:caled at the tme of c:onshlcion, moislure 
wil fOO'I8 klwad lIle OIlnlef otthe slab !rid is going 10 tl8 
higher ~ao allhe edge. Trees use sol moistlU fOf (1~. 
Toorefore, durino;l wol periodS, iUfI'OCienl supply ollTKlis-



lura is a~ailable fO( ~eG gfOw1ll 300 soil moisture con· 
lents may not be sltlstantiafly affected by vegetation. 
Doring dry surrrner rronlhs, when evaporation rales are 
high,the ~ees will obl<>'n la"g& quan~ties 01 rroistura from 
already dry soils. tf \hese troos are toealed il dose prox· 
imity to lighlly_loaded stmclul8s wch as Ilooses, their 
root system wiD move towOld thIl structures, il M attellllt 
10 ~oo a moisture supply. It trees are toodoselo a house, 
desitl::alion of the soils below the slab may occur, caus· 
Ing seltlemenl ollJ1e slab. 

---, 

Figur. ~_ AA enmpl. oll.ilure ol.,...,d,tion ... r.",n 01 
the depl.tion <>I moiolu!t 01 the edg .. t>e<.u .. 011 .... . 
M''''''''/TIO"b ..... Iok.n 1ft" pior Inmllolion ,00 .n.r roo! 
barrier in,toll.tion 
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Figure 4 shows an example of a home toeated in 100 
Southwest part 01 Houston, Texas, whose sfab-on-groond 
fooi1dation was uooerpinned uslog dr~ l ed piers. DlIIing 
\he 19BB to 1990 droogh~ the 10Ulldatioo lnrurred addi· 
tional denections. AI OUf &J999Stion, a rool barrier, c0m

bined with an iIlIlomlltical/y actuatad ooaket system was 
appliad, and the foundation flOt only stabiizad, but rome 
rebouJld occunad. Tha example COJltained r-. Figure 4 is 
001, unfortunately, an isol"ted example. Belter results 
have been obtained in the recent past using pressed 00\1. 
menled piles and herlCai piers.l'~ Vertica' rroisture barrio 
ers have enjoyed iI very Imted use. 

To compensate lor the seWemenl of the ooter edge 01 a 
foundation due to the extraction 01 moisture from the soil 
lhrooGh the roots olooOlby trees, an accepled pre~enla
tive measure was 10 plooe the loor>daUoo 00 lop of drOied 
piers. Most re<:ent/y, however, a COJIdmoo has OCCUlted 
wilele the piers became a de~iment tn the inter part of 
the Cily 01 Houston, Texas, there are &Jbdivisions with 
comparatively smaU OOilding lots, ~ich often contained 
small, older homes, becarno ~ery desirabkl because of 
their location. In many cases, the lots contained large, 
prolific trees, which were removed 10 make way fO( the 
construction oflarGeJ homes. In many such cases, noth· 
ing was done to compensale 10( !he inevitable swelling of 
the soils v.t.ich wouk! occur when the tree, which had 
desiccated the wi in ils near vicinity, was gone and so~ 
suctioo forces moved soil waler illo the desicc"led ar
eas. II does 001 take rruch imagination 10 invislo!1 the 
mood of a homeowner who, in many cases, paid extra 
moneys to have a slurdy foundation cons1rocted only 10 
have it begin to move SOO/l afte r the owner moved in. As! 
example of such a condition is shown in Figure 5. The 
loooootion, in this exampte, was founded on 10-loot deep 
dr~led piers, which had 42·inch diameler bells that were 
inspected during constrlJCtion. TM pier shafts wora tied 
to the COIlCfele perimeler beam. The $Oils had a plasticity 
ildex in the 60% range. A Pecan ~ee was remove dllJ
iog the construction r>rOC!!ss, or shortly thereafter. Signs 
of foundation indlJCed damage became mooifesled wilhil 
the first year 01 coostrlJClion and have, r-. the interim, 
worsened sleadily. A ~Ieralure search failed to reveal 
wy documenled discussion of this phenomenon, not only 
il the slale of Texas, ~I il the United States, as wen. 
Such discussioos were, however, found in ~Iefalure from 
outside 0I1he Unitad Slates. A listing 01 such source. is 
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oonlair.ed 111tte Bitlography Seclion althis paper. This 
sig nificance oIlhe ~oo removal situation is perhaps besl 
ilu s~atoo il FIgUre 6l '~. In this caw, the removal 01 a 
POp/a( ~ee caused OVIll" 6 inches of liaavirlij which was 
monit(l[oo OVSl a JO-year period of time. 
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Figur, 1, An enmplt of. !>om.ln fIoIJs\on. T ..... w hich !lad 
boon consIrucl<d on . ,ooa" ,y 11\;0, W," lint<! w~h Post O.~ 

""' 
Figure 7 shows how a residential building was placed on 
the edge 01 a roadway, v.tlich, before the time of ron
slruction, had Post Oak ~ees on eilher side. The removal 
of !he trees caused &igoilicool h,eaving 01 the fourldation 
altha rear 01 this, and several other blJUOIll9S, which were 
OOrlsln.ocled along this roadway. We have ooen able 10 
meaSllre heoving in a limited number of cases and tile 
msulls are contained in Figure 8. In oompilfing our data 
.... i1l1Illal.!tJown in Fig ure 9, we can see that the slope of 
our dala Is sleeper, even though one oIlhe CUNes seemed 
to level oot afier 7 years. 

h mentionedaarfler, tree roots tend to desiccate the oo~s. 
In the event th.t lhe troo has been rerroved prior to build· 
ing construclion, during lila usefullifa 0/ tile structure, or 
if a ~ee dies, subsoi' swelling can occur in the expansive 
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soil areas for several years. StlKlies have shown that 
this process can lake several years in Ihe area where 
higNy expansive clays are present. In Illis case, tria loun
dn~on for the structure should be designed for the anlici· 
patoo mal.imum r.e;r;e. Furthermore, lhe ddled footin~s, 
n used, roost be placed oolow the ~ooe of iIlnU€rlCe of 
tree roots. This depth should Oa evaluated as follows: 

a) The pier should be placed belcw!he doplh 01 con
GIani sueli<w1 or the zero movement irw. 
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b) The pie( depth should be sud1 thai it could resist lhe 
uplift loads due \0 expansive soils thai extend alOOll 
the shaft pIlrimeler. 

c) More 8J(ienSr..e ooiIlesls are requiroo. Soil borings 
00;:0" a tree rrusl be, as a rnOlimum, 25 to 30 leel 
deep. The depth to .... tlich !roo rool1ibers exist must 
be determined since they are a basis 0/ idenUfy~ 
!he depth of constant sci 8lIC1ion. PotenUai Verucal 
Movamelll valoos should also be Calculated. 

In !he evenllhat a lIoaUflg slab foondalioo is use<!, we 
recorrwnend the slab be stiffened to resist the subsoil 
JIlOvemenlsdue 10 the presenca of~ees. In add iOOn,!he 
area llithin the troo rool zone may ha'le to be cherrica/ly 
stabilized k> redooo he pole n~al movemools. Alternatively, 
the $lte should be left alooe for several years so thai the 
moisue regime il fle desiccated areas of the roils (wIua 
\roo rools used 10 be) become equalizedlstabilzed to !he 
surrounding subsoil rooislure conditions. The 1englll of 
time required for sub~ls to regairl their rooisture is de
pendent 011 the trea species, so~ type and the amounlol 
rain/aD. For most trees, one wet season may be enough 
fOf the subsoils 10 regain their rooisture; however, removal 
of trees such as Live Oak, Poplar, etc. may result in mois· 
ture deficits in the so~ profile that may raquJe several 
years to stabilize. 

Remedial measures 10 coned lIle ~erse effects o/~s 
lype of soil hea'll\g are somewhat ~rrited. One method is 
10 raise the enlir8 foundation out of the poten6al vertical 
rise of tile soil using underpinning leclriql.les. Soiltesl
ir.g llil generally show the PVM (Poten~aI Vertical Move
ment) ~alues in lila so~ where the trees were removed. II 
may then become necessary to raise the foundation ou1 
01 this ZOfl9. An alternative is to use a vertical rooisturs 
barrier. A c:orrbinalion of partial underpinning and !he 
use 01 moishxs barriers may also have 10 be used 10 
stahi~ze the Joondation system. 

FOUteJATtON CENTER SenLEMENT 

There has been an ever·increasing problem with regard 
to the interaction between trees iIOd foundation per1or
maoce; i.e., foundation performance induced by under· 
slab sewer leaks. Many 0/ the homes constructed in Ihe 
1950 Ume period had cast iroo, IJIlder-stab sewer pipes 
buried in clay soil . Over the past 40 (~) years the effect 0/ 
this unforilJllate marriage has prOOUl:ed a plOl iferatioo 01 
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liIlOOr ·slab sewer leaks_ Sinre most \~ oot all) 01 the home 
ilSlJrance ,.oIicies allow a MInooYoner to Coil&:;I 00 darTF 
ages coused by such leaks, flere has been 00 .tlffidool 
number of sllCh claims filed. 

Typically, the iIlslJl'arlC(l carrier lies a plurOOing lesting 
comp::llY and an ErlQioo~ to determine if the leak has 
col!S6d ooy foundatlon related damage. II is likewise Iypi. 
call11at this same Engioosr v.;1 obseNe thaI the foonda
lion has deflected doMlward ill its oonter S6Clion, which 
is the opposite of what 0Il9 might anlk:ipate ~ water were 
10 be ioouood into expansive soils. Other contradictioos 
may be observed which Mooed the following: 

o The timillg of the damage appealed coin6deotalto 
the OCCUfrence of tI1e sewer iIlak. 

o There were plumbi1g le~s: ye~ ...tJere soil lests were 
o::oodl.K:tad, the soils were comparawely dry, 

o There was always II reasonable degree of correla
tion between the presence of the sewer leaks and 
the points of denection. 

o In a maj()lity of coses, the soils were expansive, tile 
foundation was constructed on dr~1ed piers ()I w~s 

underpnned usin9 drilled piers Slbsequent 10 he true 
of original constmclioo, and there were ~ees grow
ing near the foundation "'Ilich were <llmost a~ays 
mature. It is a koown fad that the water demands of 
mallJl'e trees lend \0 slabi'ize, Could!hese ~ees then 
ruddenly become the scuoo 01 additional founda
tion der.ectioos? 

o In lI1e 20(+) cases whidJ we exarrined, the f()legl)
ing condiUoos existed and !he foundation settled WI 
tile center ilsteoo of heavin,., <lS was OIlticipaled. 
hi example is shown in Figure 9. In this case, the 
sewer system could nol be tosled Wee ij wOOd hold 
110 water. 

We are of the opinion that the introduction of the sewer 
waler spurred the growth of the ~ea roots to grow 10-
wards the source.'"'''' The hee roots then extracted not 
only the moistur9 provided from any sewer leaks which 
occurred, but also any moisture \\Ilich was il the soil be
fore the leak occurred. The preserlCll of an under·slob 
sewer iIlak then reSIJlted in a net soil moisllJl'e loss where 
large trees wers growing adjacenllo the Ioundation with 
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lhe llIumale re~lt thallhe fouooation subsided instaoo 
01 heaving, as ooe mighl anticipate, 

This opinion does, of ooorse, il~oIve a nurrt>er of assump
tions for which no proof exists. In tact, there is little of no 
real proof that ooy sewsr iIlak did, or aid no!, causa foun. 
dation defiections to occur. More lesting and study is 
raqured. 

CONCLUSIONS AND RECOMMENDATIONS 

The design and manufacltxe of most of the material things 
we use in our lives,is based, to at least soma degree, on 
some type of research. AutoroobUes are designed and 
extensively tested before they reach the marke~ manu
facturers of appliances subjecllhem 10 e~rensive lestin,. 
befc<e roew models are put up f()l sale, new food 'prod· 
lICts rnJsI be given extensive tes1irlg, elc, II is then sorn&

what ignominious that the design and consln.K:tion of the 
fundamental pari of \\Ilat is perhaps the most expensive 
Wlveslment for most of us is based on iWe , ~ any, current 
research: alleast Wl lhe Uniled States.lnsteOO, we tend 
10 learn in the mosl fundamenlal, and in the crudest, 01 
ways· by ~ial and error. The cost of this process is bom 
by Ihe builders, homeowners, and engineers much to the 
delighl of mOllY allomeys. 

We hilVe, in this paper, pointed out some of the problems 
ttlal can be caused by oor failure to lean to ive IIoith ~ees 
WI::II urboo environment Although rruch of this discus
sion was based on Houslon, Texas, experience, this in· 
IomlQtion certainly app~es to much Gf Te~as and to other 
parts of the oountry, as weD. All of us who are invoi'led in 
the design and coostrudion of residential and other low· 
rise bliloll1gs need to be cognizant of these problems and 
10 condlXt olJl'selves oc:cordingly. This may require addI· 
tional pre·coostruction testing and moy necessilate the 
need for mora expensi~e designs. Some may say that 
our cHents may 001 be IIoiI~ng to pay the prioo for S\.ICh 
extra worI;, So long as there are en,.ineers who are will· 
in~ to do cheap work, the problems we discussed herein 
will r!)CUr and we will be len to poonder "'hy some people 
are more willing 10 pay thair all()lne~s more than they are 
their engineers and or blilders. 

We have poinled oulthe need lor research. To the besl 
01 our ~oowledge,the last 21arga research studies con· 
ducted on residenUai foundation issues were the BRAe 
in the 1960's and the Univers.ily ofTaxas atMington stud-



les 11 the 1970'$. We do know 01 some srna!6r slOOies, 
v.t.i:h hili's b&en cordo.J;1erj iii. $Om(! lkIiversilies. b!JI WI! 

believe flat larger stuOlIlS we ooeded roo! Mtj on h 
i&iuN ~8Sent&d /Ielan but on ~ler i$Suu, as well 
Some oIlhe tIudy areas are istGd below: 

o Arela~needslo be dev&loped lhaIwcdd ad-
dre$S !he tree type ($p8Cie$), dislancetom hi loin
dation, aOO height oIlht ~", 

o SUies sin'Waf 10 Iho&8 conducted by 8idcIe sIv:luId 
be done using tf9811lT111'al)llicily b.n:I ir hllkiIod 
Stales (03k.s, Pec3'ls, CIWLa Beny, eIc),w. day sols 
and v~ weathel pallerns f\aI aralypical 0I 1his 
"""Y. 

o How 10 bet\er des9'lloatng slabs flat woUd rasisl 
lha allacl 01 t ees. 

o Develop a ",~Ie malNmatical rrodule flat wooJd 
relate &ewer Jaal;s, ~ee moi&lue rOmQlla, and Ed)

r;;oi movements, 

P6Ihapslhe i'llormation contained herein \WI hetp ir !he 
$(larch lor rsooarch 001131;, 
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APPENDIX B: SOIL SUCTION CONVERSION FACTORS 

1 Bar = 0.987 Atmospheres (Atm) 
= 14.503 Pounds/square inch (psi) 
= 1,019.784 Centimeters of water (cm H20) 
= 100.000 Kilopascals (kPa) 
= 1.0 x 106 Dynes/square centimeter (dynes/cm2) 

1 Atm = 1.013 Bars 
= 14.695 psi 
= 1,033.296 cm H20 
= 101.325 kPa 
= 1.013 x 106 dyne/cm2 

1 cm H20 = 9.806 X 10-4 Bars 
= 9.678 x 10-4 Atm 
= 1.422 x 10-2 psi 
= 9_806 x 10-2 kPa 
= 9.806 x 102 dyne/cm2 

1 psi = 6.895 x 10-2 Bar 
= 6_805 x 10-2 Atm 
= 70_314 cm H2O 
= 6_895 kPa 
= 6.895 x 104 dyne/cm2 

1 kPa = 1.000 x 10-2 Bars 
= 9.869 x 10- 3 Atm 
= 0.145 psi 
= 10.198 cm H2O 
= 1.000 X 10-4 dyne/cm2 
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Indirect Measurement of Soil Suction 
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Abstract.  This paper reports on indirect soil suction measurement methods. Indirect suction 
measurement techniques measure the moisture equilibrium condition of the soil instead of suction. The 
moisture equilibrium condition of the soil can be determined by primary means as in vapor pressure, 
secondary means as through another porous medium or tertiary means as in measuring other physical 
properties of the porous medium that indicates its moisture equilibrium condition. Indirect suction 
measurement technique employing primary means include thermocouple psychrometers, transistor 
psychrometer and chilled-mirror psychrometer.  Indirect suction measurement technique employing 
secondary means includes the filter paper method and indirect suction measurement technique employing 
tertiary means includes the thermal conductivity sensors and electrical conductivity sensors.  These 
techniques have been widely used in engineering practice and in research laboratories.  However, each of 
these techniques has its own limitations and capabilities, and active research into improving these 
techniques is still ongoing in the universities, research laboratories, and private sector.  This report 
outlines working principle, calibration, measurement, and application areas of these methods. The report 
is based on the most recent literature and practice. 
 
Key words.  soil suction, thermocouple, transistor, chilled-mirror, psychrometer, filter paper, thermal 
conductivity, electrical conductivity. 
 
 
1. Introduction 
 
The understanding and wide acceptance of unsaturated soil mechanics principles has seen a 
gradual change in geotechnical engineering practice. There is more than ever a greater need for 
reliable soil suction measurement techniques as soil suction becomes an integral part of 
engineering practice in many situations involving unsaturated soils.  Soil suction is a result of 
capillary action and ionic concentration of the pore water. Total suction results when both 
mechanisms are active. Matric suction results when only capillary action is active.  Significant 
contributions have been made by geotechnical engineers in the measurement of soil suction.  
However, there is still need for research into the measurement of both matric and total suction in 
the laboratory and in the field.  Almost all suction measurement methods have shortcomings with 
regard to one or more aspects, such as the range of application, cost, reliability, and practicality.  
For instance, temperature control is essential for suction measurement methods that rely on vapor 
pressure measurements.  At low suction levels or high relative humidity, very small changes in 
relative humidity result in very large changes in suction.  It is this narrow range of relative 
humidity that most total suction inferring devices are affected by minor temperature fluctuations.  
Total suction measurements from psychrometers are in great error once the suction drops below 
1000 kPa. 



This paper reviews indirect suction measurement techniques based on the means of measuring 
moisture equilibrium condition of the soil. Measurement techniques such as time-domain 
reflectometry (TDR) method which measure moisture content of the soil from which suction can 
be inferred if the soil water characteristics curve of the soil is available are not examined in this 
paper. Indirect measurement techniques employing primary means measure the vapor pressure. 
Included in the primary methods are thermocouple psychrometer, transistor psychrometer, and 
chilled-mirror psychrometer. Indirect measurement techniques employing secondary means 
measure the moisture equilibrium condition of another porous medium. An example of the 
secondary method is the filter paper method. Indirect measurement techniques employing tertiary 
means measure other physical properties of the other porous medium’s moisture equilibrium 
condition. Examples of tertiary methods of indirect suction measurement are thermal 
conductivity sensors and electrical conductivity sensors. Each of these techniques has its own 
capabilities and limitations, and they may be used for complementing each other for different 
ranges of suction. The paper summarizes basic working principle, calibration, measurement, and 
application areas of indirect soil suction measurement methods based on the most recent 
literature.  A critical evaluation of the capabilities, limitations, and pitfalls of these methods is 
also presented. 

 
 
2. Primary Methods 
 
Total suction of a soil sample may be inferred from measurements within the vapor phase that is 
in equilibrium with the sample. Devices that measures relative humidity can be employed to 
measure total suction. Thermocouple psychrometer, transistor psychrometer, and chilled-mirror 
psychrometer are examples of such devices. 
 
 
2.1. THERMOCOUPLE PSYCHROMETERS 
 
There are two types of thermocouple psychrometer for determining total suction measurements 
of soils: the wet-loop type sensor described by Richards and Ogata (1958) and the Peltier type 
sensor described by Spanner (1951).  The wet-loop sensor is only used with the psychrometric 
measurement technique, whereas the Peltier sensor can be used with both the psychrometric and 
hygrometric measurement methods.  The primary difference between these two sensors is the 
manner by which water is applied to the sensing junction.  The wet-loop sensor is wetted by 
manually placing a drop of water on a small ring that is at the sensing junction.  The wet-loop 
type sensor technique has been improved in a new psychrometer device by replacing the wet and 
dry thermometer bulbs with the wet and dry transistors.  This new device is called transistor 
psychrometer and it is discussed in the next section.  

Two important principles underlie the usefulness of Peltier type thermocouple psyhcrometers: 
the Seebeck effect and the Peltier effect.  The Seebeck effect is the phenomenon that permits a 
thermocouple to be used for temperature measurement.  A thermocouple is formed when two 
different metals are joined together (Figure 1(a)).  If both ends of the wire are joined to form a 
closed loop, electrical current will flow through the wires whenever the junctions are at different 
temperatures.  The magnitude of the voltage produced is dependent upon the temperature 
difference between the junctions.  The Peltier effect is the phenomenon which allows a 



thermocouple junction to be cooled by passing an electrical current through the junction.  When 
current flows across the junction of two dissimilar metals, heat will be either absorbed or 
released at the junction.  If the current flows in the same direction as the current produced by the 
Seebeck effect at the hot junction, heat is absorbed.  If the current flows in the opposite direction, 
heat is released. 

Wescor, Inc. and Campbell Scientific, Inc. developed two thermocouple psychrometer 
methods for the measurement of equilibrium relative humidity from which total suction can be 
determined.  These are the psychrometric (wet bulb) and the hygrometric (dew point) methods.  
Thermocouple psychrometers that are commercially available from Wescor are PST-55 stainless 
steel and PCT-55 ceramic cup.  The PST-55 sensor has a non-removable stainless steel shield, 
which has a larger pore size.  The PCT-55 sensor has a removable ceramic shield. The same 
sensors are used for either method but the electronic control and measuring apparatus operate 
differently.  The Wescor HR-33T is a single-channel datalogger and can be used to determine the 
total suction of a sample using either dew point (hygrometric) or wet bulb (psychrometric) 
methods.  The Wescor/Campbell CR7 datalogger and the new Wescor datalogger PSYPRO use 
only the psychrometric method.  The PSYPRO data logger has 8 channels. The CR7 series data 
logger has several channel configurations (14, 28, 40, 70 and 140 channels). Using either method 
with any of the instruments, a cooling current is used to cool the thermocouple junction below 
the dew point of the air surrounding the sample causing water to condense on the junction.  
Using the dew point method, the mode of the HR-33T is switched to dew point and the 
thermocouple junction is kept at the dew point temperature using the duty cycle of the HR-33T.  
Water evaporation and condensation is equilibrated and a voltage is created.  This voltage is 
converted to total suction using standard salt solutions in the case of calibration or using the 
calibration curve (Figure 1(b)) in the case of total suction measurements.  The microvolt output 
from a thermocouple psychrometer is very sensitive to ambient temperature fluctuations.  The 
cooling coefficient of the sensor must be matched to the duty cycle of the HR-33T for accurate 
measurements.  Using the psychrometric method, after the cooling current has ceased, the water 
begins to evaporate from the thermocouple junction which creates a voltage.  Initially, the rate at 
which the water evaporates from the thermocouple is approximately constant and is called the 
psychrometric plateau.  A measurement of voltage is taken over this constant water evaporation 
rate period and converted to total suction using standard salt solutions in the case of calibration 
or using the calibration curve (Figure 1(b)) in the case of total suction measurements.  This 
method does not require setting the cooling coefficient. 

Careful cleaning and thorough drying of the psychrometers before and after calibration and 
soil total suction measurements are essential to reliable instrument performance.  Contaminants, 
such as salts, can affect cooling, evaporation, and microvolt output.  The pore size of the 
protective housing on the thermocouple psychrometer prevents most of contaminants, such as 
soil particles, from entering the sensor cavity.  The most serious contamination occurs if 
dissolved contaminants migrate through or accumulate on the protective housing.  Psychrometers 
can be cleaned with distilled or deionized water.  Most of the excess water can be removed by 
shaking and blowing dry air to ensure that water is removed and sensors are dry. A range of 
sodium chloride (NaCl) and potassium chloride (KCl) solutions of known osmotic suctions is 
typically used to establish the relation between total suction and microvolt output. Typical NaCl 
solution concentrations versus their osmotic suction values are given in Table 1. Calibration 
solutions are chosen to cover the anticipated range of total suction to be measured.  Correct 
calibration of thermocouple psychrometers is extremely important because the accuracy of all 



subsequent measurements and interpretations will be based on these data.  For routine 
measurements across the entire range, a minimum of four calibration solutions are typically 
selected to characterize each psychrometer’s response to changes in total suction at a given 
temperature.  Thermocouple psychrometers are typically calibrated by direct immersion into a 
small container of calibration solution or by suspension of the sensor over the solution in the 
container.  The immersion method has often been selected because this configuration helps to 
control the temperature fluctuations better.  The disadvantage with the immersion method is the 
possibility of salts getting on the sensors.  Sensors should be immersed at a fairly shallow depth 
otherwise there will be an added pressure component that may force the solution getting on the 
sensors.  The pore size of typical screen-cage and ceramic-cup housing is sufficiently small to 
prevent liquid from entering the air-filled sensor cavity (Pinnock, 2005).  A water bath is usually 
employed to maintain temperature stability.  Under isothermal conditions, the equilibration 
between thermocouple psychrometer sensor and vapor pressure from the salt solution is usually 
established within an hour.  The resulting microvolt readings from a psychrometer connected to a 
datalogger are plotted against corresponding osmotic suctions of the salt solutions to obtain a 
calibration curve (Figure 1(b)). The practical range over which total suction measurements can 
be made with thermocouple psychrometers is between about 300 kPa and 7000 kPa.  Total 
suction values between about 300 kPa and 500 kPa should be evaluated very carefully since this 
is the range most affected by very small temperature fluctuations.  Suction values below 300 kPa 
should be carefully evaluated for validity.  

Application of thermocouple psychrometers to infer total suction of unsaturated soils in 
geotechnical engineering research and practice has greatly broadened in the recent years. In one 
recent application, Bulut et al. (2005) monitored the total suction change of cylindrical Shelby 
tube soil samples over time with thermocouple psychrometers to determine unsaturated soil 
moisture diffusion coefficients. 
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Figure 1.  (a) Schematic drawing of a thermocouple psychrometer and (b) a typical calibration curve. 
 
 
 
 
 
 



Table 1. Osmotic suction of NaCl solutions at 25oC (from Hamer and Wu, 1972; Bulut et al., 2001). 
Molality 
(m) 

Osmotic 
Coefficient 
(φ) 

Osmotic Suction 
(kPa) 

Molality 
(m) 

Osmotic 
Coefficient 
(φ) 

Osmotic Suction 
(kPa) 

0.000 1.00000 0.00 0.300 0.92123 1370.19 
0.002 0.98402 9.76 0.500 0.92224 2286.15 
0.005 0.97604 24.20 0.700 0.92691 3216.82 
0.010 0.96804 47.99 0.900 0.93350 4165.31 
0.020 0.95832 95.02 1.200 0.94567 5626.15 
0.050 0.94357 233.90 1.600 0.96487 7653.84 
0.100 0.93250 462.32 2.200 0.99818 10887.35 
0.200 0.92387 916.08 2.600 1.02263 13182.03 
 
 
2.2. TRANSISTOR PSYCHROMETER 
 
Transistor psychrometer consists of a thermally insulated container that holds the psychrometer 
probes and a datalogger for the measurement and recording of the output.  The instrument is very 
similar in operation to the thermistor psychrometer (Woodburn et al., 1993).  Thermistor 
psychrometers are different from thermocouple psychrometers in that they require a water drop 
to be manually placed on the wet bulb temperature sensor.  The transistor psychrometer is an 
electronic wet and dry bulb thermometer in which a wet and dry transistor probe is used instead 
of wet and dry thermometer bulbs as in thermistor psychrometers to measure the relative 
humidity of the air space in equilibrium with a soil sample.  The temperature depression of the 
wet transistor, which holds a standard-size water drop, is measured with the sensors in the probe 
(Figure 2(a)).  The wet and dry transistors are employed as heat sensors and the voltage output 
from the probe is used to infer the total suction.  The dry bulb transistor has the characteristics of 
the wet bulb transistor, and it is used as a reference sensor for temperature and vapor pressure 
measurements. 

Improvements in performance have been made and the device can measure a much wider 
range of total suction, from about 100 kPa to about 10000 kPa.  Much of the improvement is due 
to calibration procedure and advances in micro-chip technology (Woodburn et al., 1993).  
Transistor psychrometer improves on the thermistor or thermocouple psychrometer in that it has 
a larger suction measurement range.  The range and accuracy in the measurements are also 
attributed to the sensitivity of the transistors to very small changes in temperature.  Soil 
Mechanics Instrumentation (Woodburn et al., 1993; www.smi-unsat.com) produces two types of 
thermally insulated containers for the transistor probes: 12-probe unit and 8-probe unit.  The 8-
probe psychrometer is equipped with an insulated lid for better temperature control.  Each probe 
can measure total suction in about one hour.  Twelve and eight soil total suction measurements 
can be made within an hour with the 12- and 8-probe units, respectively.   

Prior to any measurements of total suction with the psychrometer, the wet and dry sensors at 
the tip of the probe should be cleaned carefully with distilled water and thoroughly dried.  Before 
applying the standard size water drop, the sleeve on the wet transistor should be checked for its 
specified height to hold the water drop. 

The calibration of the psychrometer probes, determined from the relationship between 
microvolt output from the transistor and a known osmotic suction value of a salt solution (Table 
1), should be carried out carefully.  NaCl solutions covering the measurement range of the 
transistor psychrometer sensors (e.g., from about 100 kPa to about 10000 kPa) are prepared to 



obtain calibration curves for each probe.  A typical calibration curve of a transistor psychrometer 
probe is depicted in Figure 2(b).  The calibration curve can be affected by several factors: 
temperature fluctuations, hysteresis, and drop size.  The transistor probes are first equilibrated for 
at least 4 hours at zero total suction over distilled water and the output is adjusted to the initial 
zero reading before any calibration process or soil suction measurements.  Afterwards, the 
different voltage outputs are recorded from the datalogger following one hour equilibration 
period for each suction level, in order to avoid any hysteresis effects.  The relationship between 
relative humidity and total suction (e.g., Kelvin equation) is used to determine the soil total 
suction.  The thermally insulated container provided for the probes maintains a fairly constant 
temperature during the period of the test.  Greater accuracy and reproducibility of results is 
obtained in a room where temperature is controlled to about ± 0.5oC (Woodburn et al., 1993). 

Transistor psychrometers have been used in many universities and geotechnical engineering 
laboratories around the world.  In Australia and New Zealand this instrument has been used for 
unsaturated expansive soils applications (Woodburn, 2005).  It has practically replaced 
thermocouple psychrometers in many laboratory soil suction measurements.  Recent studies by 
Bulut et al. (2000, 2002, 2005) show that transistor psychrometer has a better capability of 
measuring total suction at lower levels when compared with other psychrometric methods. 
Another promising psychrometer that has been used for measurement of total suction is the 
polymer capacitance sensor which consists of two electrodes separated by a film of thermoset 
polymer that absorbs or releases water as the relative density of the surrounding air changes 
(Albrecht et al., 2003).  
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Figure 2.  (a) Schematic drawing of a transistor psychrometer probe and (b) a typical calibration curve. 
 
 
2.3. CHILLED-MIRROR PSYCHROMETER 
 
Chilled-mirror psychrometer uses the chilled mirror dew point technique to measure total suction 
under isothermal conditions in a sealed container (Figure 3).  The chilled-mirror psychrometer 
discussed in this paper is a product of Decagon Devices, Inc. and is known as WP4 Dew Point 
Potentiameter (source: Decagon Devices, Inc. website www.decagon.com).  Measurement of 
total suction with the WP4 is based on equilibrating the liquid phase of the water in a soil sample 
with the vapor phase of the water in the air space above the sample in a sealed chamber.  A 



Peltier cooling device is used to cool the mirror until dew forms and then to heat the mirror to 
eliminate the dew.  Temperature of the sample is measured with an infrared thermometer.  An 
optical sensor is also employed to detect the dew formed on the mirror.  A thermocouple 
attached to the chilled mirror measures the dew point temperature.  A small fan is also employed 
to circulate the air in the sensing chamber and speed up vapor equilibrium.  Both the dew point 
and soil sample temperature are then used to determine the relative humidity above the soil 
sample within the closed chamber. 

The device determines the dew point temperature repeatedly until water vapor equilibrium is 
reached between the soil and the air in the chamber.  The chilled mirror technique offers a 
fundamental characterization of humidity in terms of the temperature at which vapor condenses.  
Therefore, the calibration of the instrument with different concentrations of salt solutions is not 
necessary.  However, the performance of the instrument should be checked prior to total suction 
measurement by measuring the total suction of a salt solution with a known osmotic potential 
(WP4 User Manual, Decagon Devices, Inc.). When the temperature readings have stabilized, the 
instrument will determine the relative humidity of the enclosed space above the soil sample and 
will display the total suction of the sample on a digital screen.  Temperature control is very 
important.  The measured difference between dew point and sample temperatures must be kept 
small.  The WP4 chilled-mirror pyschrometer is a very robust instrument that is suitable for rapid 
total suction measurements, usually less than 10 minutes.  Detailed measurement procedures are 
provided in the user’s manual.  If the instrument readings are offset from standard solution 
readings, the linear offset of the meter should be corrected.  It is important to avoid 
contamination of the instrument.  The sample cup should be filled to less than full capacity to 
minimize the potential of contaminating the chamber.  If necessary, the mirror and fan can be 
cleaned according to procedures outlined in the user’s manual. Because of the high precision of 
the WP4 chilled-mirror pyschrometer, annual maintenance is required. 

Bulut et al. (2002) developed a complete characteristic curve for the WP4 instrument using 
the relationship between osmotic suction and salt solution concentration.  Figure 4(a) shows the 
characteristic curve for this instrument.  In order to interpret the sensitivity portion of the 
characteristic curve more clearly, Figure 4(b) was developed from Figure 4(a) by magnifying the 
lower portion of Figure 4(a) between salt solution molality of 0.0 and 0.5.  Figure 4(b) shows 
more clearly that once osmotic suction falls below about 1000 kPa the scatter in suction data 
increases.  The total suction measurements with the WP4 psychrometer should be considered as 
error once suction falls below 100 kPa (Wacker, 2002).  Bulut et al. (2002) evaluated the 
accuracy of the chilled-mirror psychrometer by comparing the results of the total suction 
measurements of undisturbed soil samples with the filter paper method.  Bulut et al. (2002) 
found that the degree of error associated with the WP4 psychrometer is higher than with the filter 
paper method at low suction levels, but very good correlation between the two methods at high 
total suction levels. 

Leong et al. (2003) evaluated the accuracy of a chilled mirror dew point device using 
compacted soil samples.  A thorough calibration of the instrument using several standard salt 
solutions was performed. The equilibration time during calibration and total suction 
measurement was short, less than 15 minutes. The total suction measurements on the compacted 
samples were compared to the sum of matric and osmotic suctions of the same soils that were 
measured independently.  The matric suction of the soils was measured with the null-type axis-
translation apparatus and the osmotic suction of the samples was measured from the soil water 
solution obtained from a pore fluid squeezer device.  The electrical conductivity measurements 



were performed on the extracted solutions to infer the osmotic suction of the soil samples.  The 
test results showed that total suctions obtained using the chilled mirror dew point device were 
always greater than the sum of the matric and osmotic suctions measured independently. To 
reconcile the discrepancies between the sum of the matric and osmotic suctions and the total 
suction from the chilled mirror dew point device, a correction equation for the total suction was 
suggested. In ASTM D6836-02, the chilled-mirror hygrometer is used in Method D for 
determining the desorption soil water characteristic curve for suction range above 1000 kPa as 
the limitation of the chilled-mirror hygrometer for low suction level is recognized.  
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Figure 3. Schematic drawing of the WP4 chilled-mirror psychrometer. 
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                  (a)                                     (b) 
Figure 4.  The characteristic curve of the WP4 chilled-mirror instrument; (a) the whole practical suction 
range and (b) the magnified lower range of suction in (a) (from Bulut et al., 2002). 
 
 
3. Secondary Methods 
 
Secondary methods employed another medium to achieve moisture equilibrium with the soil 
where suction measurement is required. Sibley and Williams (1990) evaluated five kinds of 
absorbent materials for suction measurement in the range 0 to 200 MPa. The sensitivity of the 
five materials varies with the suction range as shown in Table 2. Sibley and Williams (1990) 
recommended that the Whatman No. 42 filter paper is the most appropriate over the entire range 
of suction investigated. Filter paper has become the de-facto material for suction measurement. 
Soil suction measurement procedure using filter paper is outlined in detail in ASTM D 5298-94, 
Lee (1991), Houston et al. (1994), and Bulut et al. (2001).   



Table 2. Sensitivity of absorbent materials (data from Sibley and Williams 1990). 
Material Range of higher sensitivity 
Whatman No. 42 0 to 30 MPa 
Unwashed dialysis tubing 10 MPa to 100 MPa 
Washed dialysis tubing 1000 kPa to 10 MPa 
Millipore MF 0.025 µm 30 kPa to 300 kPa 
Millipore MF 0.05 µm 30 kPa to 1000 kPa 
    
 
3.1. THE FILTER PAPER METHOD 
 
Among all the known suction measurement methods, the filter paper technique is the only 
method from which both total and matric suctions can be inferred. In the filter paper method, the 
soil specimen and filter paper are brought to moisture equilibrium either in a contact (matric 
suction measurement) or in a noncontact (total suction measurement) method in a constant 
temperature environment (Figure 5).  Direct contact between the filter paper and the soil allows 
water in the liquid phase and solutes to exchange freely, whereas separation between the filter 
paper and the soil by a vapor barrier limits the water exchange to the vapor phase only and 
prevents solute movement. After equilibrium is established between the filter paper and soil the 
water content of the filter paper is measured.  Then, by using the appropriate filter paper 
calibration curve, the suction of the soil is estimated. The calibration curves are usually obtained 
from the processes of wetting and drying the filter papers through vapor transfer (from salt 
solutions) and drying and wetting the filter papers through fluid transfer (pressure plate type 
instruments).  Salt solutions are employed in the noncontact method for measuring total suction 
and porous plates are usually used in the contact method for measuring matric suction. The filter 
paper method is the only known method that covers the widest range of suction.  However, it is 
also considered as one of the most controversial techniques among the practitioners and 
researchers.  There are still many concerns about the reliability of the filter paper method.  The 
filter paper method is a simple technique and can be reliable if the basic principles of the method 
are understood and a strictly practiced laboratory protocol is carefully followed. 

As accuracy of the filter paper technique is dependent on the accuracy of the filter paper water 
content versus suction calibration curve, the calibration technique of the filter paper method has 
been investigated by numerous researchers. Different aspects of the method by using different 
types of filter papers, measuring devices, and experimental techniques to calibrate the filter paper 
and to infer suction of the soil sample (e.g. Leong et al. 2002). Calibration equations should be 
developed specifically for the filter papers being used.  The measurement procedure for 
calibration is outlined in detail in ASTM D 5298-94, Lee (1991), Houston et al. (1994), and 
Bulut et al. (2001).  The most commonly used filter papers are Whatman No. 42 and Schleicher 
& Schuell No. 589-WH.  The Schleicher & Schuell No. 589-WH filter paper is now called grade 
989-WH in the US.  The reason for this name change in the US is that in Europe the grade name 
589-WH is used for a filter paper that has different specifications to the US version (Reeves, 
2003).  This means that prior to year 2003 the calibration curves that were produced from 
Schleicher & Schuell No. 589-WH filter papers originated from the US and Europe have 
different specifications and thus different calibration curves. 

Bulut et al. (2001) developed two calibration curves for Schleicher & Schuell No. 589-WH 
filter papers: one by the process of wetting from initially dry filter papers through vapor flow 
using NaCl solutions and one by the process of drying from initially saturated filter papers 



through fluid flow using pressure plates and membranes.  Leong et al. (2002) developed different 
calibration curves for total and matric suctions for Whatman No. 42 and Schleicher & Schuell 
No. 589-WH filter papers. The calibration curves constructed by Leong et al. (2002) are given in 
Figure 6. In a more recent study, Bulut and Wray (2005) re-evaluated the filter paper method 
based on a new calibration curve and the most recent published literature.  Until Houston et al. 
(1994) all suction measurements were based on a single calibration curve.  Houston et al. (1994) 
developed two calibration curves for Fisher quantitative coarse (9.54 A) filter paper: one for total 
suction and one for matric suction and reported that the curves were not compatible.  

The differences in the filter paper calibration curves in the literature are attributed to several 
factors such as the suction source for the calibration, thermodynamic definitions of suction 
components, and equilibration time (Fredlund and Rahardjo, 1993; Houston et al., 1994; Bulut et 
al., 2001; Leong et al., 2002; Bulut and Wray, 2005; Walker et al., 2005).  Walker et al. (2005) 
evaluated total suction measurements of a soil sample using transistor psychrometer and filter 
paper method. Walker et al. (2005) adopted the filter paper calibration curve in Hamblin (1981) 
and found that total suction measurements from the filter papers were significantly smaller than 
the total suction measurements from the transistor psychrometer.  Walker et al. (2005) suggest 
that the total suction calibration curves represent a transient condition during calibration period 
and that a unique, single calibration curve should be used for both total and matric suction 
measurements. In other words, Walker et al. (2005) suggest that if sufficient time is allowed for 
equilibration, the total suction calibration curve will tend towards the matric suction calibration 
curve.  Bulut et al. (2001) and Bulut and Wray (2005) state that a single calibration curve based 
on water vapor measurements is adequate for both total and matric suction measurements.  
Leong et al. (2002) and Bulut and Wray (2005) discuss in detail the different calibration curves 
of filter papers and the time required for equilibration.  The laboratory testing protocol adopted 
by Bulut and Wray (2005) shows that suction measurements as low as 50 kPa can be made 
reliably using the wetting calibration curve (Figure 7(a)). 

It is extremely important to minimize temperature gradients during the calibration with salt 
solutions as well as during total suction measurement.  During calibration, it is suggested that 
temperature fluctuations should be maintained within an accuracy of ±0.1oC or better.  It would 
be ideal to maintain a similar accuracy during total suction measurements, but it may be difficult 
to obtain such accuracy in a geotechnical engineering laboratory.  Therefore, this accuracy may 
be relaxed to some degree. However, temperature fluctuations should not be more than ±1oC in 
the laboratory.  Temperature fluctuations are extremely critical at high relative humidity levels.  
Bulut and Wray (2005) describe the sensitivity of suction at high relative humidity levels and 
illustrated that minor changes in relative humidity result in very large changes in suction.  For 
instance, relative humidity values of 0.999656 and 0.999063 result in osmotic suction values of 
47.199 kPa and 128.6 kPa, respectively.  Filter papers should also be allowed to equilibrate for a 
sufficient time period.  Recent literature suggests that an upper limit of equilibration time of 14 
days is sufficient for filter paper calibration over salt solutions and distilled water, and one week 
of equilibrium period is usually considered satisfactory for most soil suction measurements. 

The above discussions for filter paper calibration with salt solutions are also applicable to 
total suction measurements.  Matric suction measurements using filter paper method are also 
similar to the total suction measurements except that an intimate contact should be provided 
between the filter paper and the soil (Figure 5).   
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Figure 5.  Schematic drawings of soil total and matric suction measurements. 
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Figure 6.  Total and matric suction calibration curves of (a) Whatman No. 42 and (b) Schleicher & 
Schuell No. 589-WH filter papers (from Leong et al., 2002). 
 

S&S No. 589-WH Filter Papers
Equilibration Temperature: 25oC
Equilibration Period: 2 Weeks 

Wetting Curve
h = 225246e-18.268w

R2 = 0.9901
(50 < h < 43500) 

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Filter paper water content, w

Su
ct

io
n,

 h
, k

Pa

Sodium Chloride
Ammonium Chloride
Calcium Chloride
Sodium Sulfate
Distilled Water
Sensitivity-Not real data

               

Lid 
Filter paper(s) 

Salt solution 
(~300 – 400 ml) 

~75 – 90 mm 

~9
0 

– 
95

 m
m

 

Glass jar 

~20 mm

Plastic 
support

 
                  (a)                                               (b) 
Figure 7. (a) Calibration curve of Schleicher & Schuell No. 589-WH filter papers and (b) schematic 
drawing of the calibration test configuration (from Bulut and Wray, 2005). 
 
 
 



4. Tertiary Methods 
 
The disadvantage of the secondary methods of indirect suction measurement is the need to 
determine the moisture content of the porous medium in equilibrium with the soil. Tertiary 
methods of indirect suction measurement overcome this problem by measuring properties of the 
porous medium that indicates its moisture content. Examples of devices that employ the tertiary 
method of indirect suction measurements are thermal conductivity sensor and electrical 
conductivity sensor. Both the thermal conductivity sensor and electrical conductivity sensor has 
a porous block within which the electrical circuitry is embedded. A common limitation of these 
sensors is the strength and durability of the porous block during installation and service life of 
the sensor in the field. 
 
 
4.1. THERMAL CONDUCTIVITY SENSOR 
 
A thermal conductivity sensor employs a porous block typically ceramic as a medium to measure 
matric suction indirectly. If a matric suction gradient exists between the soil and block, water 
flux will occur until their suctions are equal. The thermal conductivity of the block consists of 
the thermal conductivity of the solid and the fluid (air or/and water) that fills the void of the 
porous block. Thermal conductivities of air and water at 20oC are 0.026 W/mK and 0.60 W/mK, 
respectively (van Wijik, 1963). The thermal conductivity of water is about 25 times that of air. 
Therefore, as the moisture content of the porous block increases, the thermal conductivity of the 
block increases. The moisture content of the block is measured by heating the porous block with 
a heater embedded in the centre of the porous block and measuring the temperature rise during 
heating. The temperature rise is related to the thermal conductivity of the porous medium and the 
moisture content. The temperature rise can then be used as an index of matric suction in the soil. 
The time to equilibrate depends on the temperature gradient and the hydraulic conductivity of the 
porous medium and the surrounding soil. Differences between types of thermal conductivity 
sensors are mainly due to the temperature-sensing element. Soil salinity has insignificant effect 
on the thermal conductivity sensor readings. The basic design of thermal conductivity sensor 
essentially follows the design of Phene et al. (1971) as shown in Figure 8. Over the years, the 
performance of the thermal conductivity sensor has been improved. Thermal conductivity 
sensors have been used in the laboratory as well as in the field (van der Raadt et al., 1987; 
Fredlund and Wong, 1989; Oloo and Fredlund, 1992; O'Kane et al., 1998; Marjerison et al., 
2001; Zhang et al., 2001; Nichol et al., 2003). Currently, thermal conductivity sensors are 
available commercially (e.g. Campell Scientific, Inc. and GCTS). The Campbell Scientific 
thermal conductivity sensor CSI 229 has a matric suction measurement range from 10 to 1500 
kPa whilst the GCTS thermal conductivity sensor FTC-100 has a matric suction measurement 
range from 1 to 1500 kPa. For the CSI 229, a 50 mA current is used with a 20-30s heating time. 
Typically the ambient temperature and the temperature after the heating period is recorded from 
which the matric suction is inferred from the calibration curve. For the FTC-100, a 200 mA 
current is used with a 60s heating period. The heating curve is recorded for three minutes during 
a measuring cycle. The diameter and length of the CSI 229 thermal conductivity sensor porous 
block are 15 mm and 25 mm, respectively, whilst those of the FTC-100 thermal conductivity 
sensor are 28 mm and 38 mm, respectively. The CSI 229 is more sensitive at matric suctions less 



than 300 kPa (He, 1999). The resolutions of the FTC-100 suction measurements in the ranges of 
1-10, 10-100, 100-1000 kPa are 0.1, 1, and 5-10 kPa, respectively (UST, 2004). 

The main problem with the thermal conductivity sensor is the variable uniformity of the 
porous block from sensor to sensor. This has entailed the need of a separate calibration curve for 
each thermal conductivity sensor. In addition, the thermal conductivity sensor shows hysteretic 
behavior on drying and wetting. Reece (1996) suggested that the thermal conductivity of the CSI 
299 be normalized with the thermal conductivity measured after oven drying the sensor. With the 
normalization, Reece (1996) obtained a linear calibration curve between the inverse of the 
normalized thermal conductivity and the natural logarithm of matric suction up to 1200 kPa. 
Above a matric suction of 1200 kPa, a non-linear calibration curve is obtained. The hysteretic 
effect was not considered in the interpretation of matric suction measurement. Zhang et al. 
(2001) evaluated 30 CSI 229 sensors and showed that the effect of hysteresis in the CSI 229 
thermal conductivity sensor should be taken into consideration when measuring matric suction. 
The hysteresis of a typical CSI 229 thermal conductivity sensor is shown in Figure 9(a). 
Different calibration curves are obtained for the drying and wetting of the CSI 229 as shown in 
Figure 9(b). Similar hysteretic effects were also observed in the precursor of the FTC-100 sensor 
(Feng and Fredlund, 2003). The equilibration time of the thermal conductivity sensor is 
dependent on the contact condition between the central element (heater and temperature sensor) 
and the porous block. Even the contact condition between the sensor and the soil affects the 
response of the CSI 229 (Zhang et al., 2001). Zhang et al. (2001) found that equilibration time of 
the CSI 229 thermal conductivity sensor can vary from several hours to several tens of hours 
irrespective of the suction level due to contact condition between the sensor and the soil. 
Furthermore, the porous block of the CSI 229 thermal conductivity sensor could be easily 
damaged during installation.  Nichol et al. (2003) installed eighteen FTC-100 type of thermal 
conductivity sensors in the field at depths of 0.2m and 4.5m. They found long-term drift of the 
thermal conductivity sensors. However O'Kane et al. (1998) and Marjerison et al. (2001) did not 
experience such problems in their long term monitoring of matric suction with thermal 
conductivity sensors.  
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Figure 8.  Cross-section of a thermal conductivity sensor (from Phene et al., 1971). 
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 Figure 9.  (a) Hysteresis effect of CSI 229 thermal conductivity sensor and (b) calibration curves of a 
typical CSI 229 thermal conductivity sensor for 24s heating time with a 50 mA current (from Zhang et al. 
2001). 
 
 
4.2. ELECTRICAL CONDUCTIVITY SENSOR 
 
The electrical conductivity sensor has been used to measure matric suction indirectly since the 
1940s (Buoyoucos and Mick, 1940), making it one of the oldest methods of soil matric suction 
measurement. Electrical conductivity sensors are commercially available (e.g. Soilmoisture Inc., 
Measurement Engineering Australia, Delmhorst Instrument Company, Irrometer Company Inc. 
and Environmental Sensors Inc.). The electrical conductivity sensor consists of a porous block 
and two concentric electrodes embedded inside the block (Figure 10(a)). The porous block serves 
the same purpose as the porous block in the thermal conductivity sensor. However instead of 
thermal conductivity, the electrical conductivity sensor measures the electrical conductivity of 
the porous block. As the moisture content of the porous block increases, the electrical resistance 
of the block decreases. The electrical resistance of the porous block can be related to the matric 
suction of the block. Unfortunately, the electrical resistance of the porous block is also dependent 
on the salt concentration of the soil solution and may not be a direct indication of the moisture 
content of the porous block. The electrical conductivity sensor must be excited by a small AC 
voltage to prevent polarization. Polarization effects will cause the results to be distorted and 
deterioration of the electrical conductivity sensor. The AC signal must then be converted back to 
DC voltage for reading. The need for conversion of AC signal to DC signal means additional 
hardware is needed to interpret the reading. Usually the electrical conductivity sensor reading is 
read manually from a meter, limiting the number of readings when used in the field (Skinner et 
al. 1997).  

Gypsum was found to be the most suitable porous block material as gypsum took the shortest 
time to saturate and responded fastest in matric suction measurements (Buoyoucos and Mick, 
1940). Gypsum also tends to buffer the soil salinity thereby decreasing the effect of soil salinity. 
This however has the unintended effect of degrading the electrical conductivity sensor as the 
gypsum eventually dissolves completely into the soil solution. Similar to the thermal 
conductivity sensor, the gysum block of the electrical conductivity sensor also suffers from 



hysteresis. The electrical conductivity sensor has a long equilibration time (2 to 3 weeks) for 
measuring matric suction in a rapidly changing moisture environment (Aitchison and Richards 
1965).These shortcomings had led to a diminished use of electrical conductivity sensor for 
matric suction measurement even in the agricultural industry (Skinner et al. 1997). He (1999) 
evaluated the performance of the Soilmoisture model 5201 gypsum electrical conductivity 
sensors. The gypsum block has a diameter of 32 mm and a length of 35 mm. The electrical 
conductivity sensor is used together with a Soilmoisture model 5910-A meter. The meter 
provides a 60 Hz square wave, 1-Vpp excitation voltage and gives a digital readout. The 
equilibration times of the gypsum electrical conductivity sensors were found to vary with matric 
suction ranging from 6 hours for a matric suction of 50 kPa to 50 hours for a matric suction of 
1500 kPa. The calibration curves of two Soilmoisture model 5201 gypsum electrical conductivity 
sensors (ECS1 and ECS2) are shown in Figure 10(b). The sensitivity of the electrical 
conductivity sensor becomes very low when the matric suction exceeds 300 kPa. Currently 
research on the electrical conductivity sensor is still ongoing to overcome its shortcomings. 
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Figure 10.  (a) A typical electrical conductivity sensor (from Ridley, 1993) and (b) calibration curves for 
the Soilmoisture model 5201 electrical conductivity sensor using Model 5910-A Soilmoisture meter 
(from He, 1999). 
 
 
5. Summary 
 
This paper has summarized basic working principle, calibration, measurement, and application of 
indirect soil suction measurement methods based on the most recent literature. The indirect 
suction measurement methods have been grouped into primary methods which measure the 
vapor pressure, secondary methods which measure the moisture content of a porous medium, and 
tertiary methods which measure other properties of the porous medium which indicates its 
moisture content. Table 3 summarizes the key characteristics of the indirect suction measurement 



methods. The source/manufacturer mentioned in the paper is meant for reference and does not 
represent product endorsement by the authors. The list is also not meant to be exhaustive. 
 
 
Table 3. Summary of indirect soil suction measurement methods. 
Category Method Suction 

Component 
Suction 
Range (kPa) 

Equilibration 
Time 

Source/ 
Manufacturer 

Thermocouple 
Psychrometer 

Total Suction 300 – 7000  1 hour Wescor: www.wescor.com 
Campbell Scientific: 
www.campbellsci.com 

Transistor 
Psychrometer 

Total Suction 100 – 10000  1 hour Soil Mechanics 
Instrumentation:  
www.smi-unsat.com 

Primary 

Chilled-Mirror 
Psychrometer 

Total Suction 500 – 30000  
(or higher) 

10 minutes Decagon Devices: 
www.decagon.com 
 

Secondary The Filter Paper 
Method 

Total/Matric 
Suction 

50 – 30000  
(or higher) 

5 to 14 days  Whatman: www.whatman.com 
Schleicher & Schuell:  
www.schleicher-schuell.com 

Thermal 
Conductivity 
Sensor 

Matric Suction 1 – 1500  hours to 
days 

Campbell Scientific: 
www.campbellsci.com 
GCTS: www.gcts.com 

Tertiary 

Electrical 
Conductivity 
Sensor 

Matric Suction 50 – 1500  6 to 50 hours Soil Moisture Equipment: 
www.soilmoisture.com 

 
 
6. Conclusion 
 
Accurate total suction measurement is still difficult with current technology, especially for total 
suction levels below about 100 kPa.  Difficulties with the primary methods measurement 
techniques basically arise from two main sources.  The first stems from the fact that relative 
humidity in the soil air phase changes only a small amount within the typical range of suction 
interest.  Most measurements of interest to studies of unsaturated soils lie in the narrow relative 
humidity range from about 0.94 and 1.00.  The second main source of difficulty arises from the 
fact that minor temperature fluctuations may lead to large errors in the determination of total 
suction.  Refinements to minimize the temperature sensitivity of the psychrometric techniques 
may be possible through a careful analysis of heat and vapor flow through and around the 
measuring sensors.  More research is needed to improve primary methods of suction 
measurement. The secondary methods of indirect suction measurement are prone to operator's 
error. Unless a strictly practiced laboratory protocol is followed, the filter paper method may 
give questionable results. However the filter paper method is simple and is the most affordable 
indirect suction measurement method. The tertiary methods of indirect suction measurement 
(thermal conductivity sensor and electrical conductivity sensor) measure the properties of the 
porous medium associated with its moisture condition from which matric suction is inferred. 
However, the most severe limitation of the thermal conductivity sensor and the electrical 
conductivity sensor suffer is hysteresis. Correct matric suction is obtained only if the appropriate 
calibration curve is used. 
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Engineering Structures in Expansive Soils 

Estruturas de Engenharia em Solos Expansivos 

Robert L. Lytton 

ABSTRACT: The design of engineering 
structures on expansive soils must be based 
upon a rational analysis of the movements and 
stresses they must withstand during their 
expected service life. Measured suction 
profiles can be used to determine the depth of 
the moisture active zone. The lateral moisture 
active zone may be determined in two different 
ways depending upon whether the climate is 

RESUMO: 0 caicuio de estrururas de 
engenharia em solos expansivos deve ser 
realizado com base em analise racional dos 
movimentos e tensoes a que estarao sujeitas 
durante a vida util. Perfis de suc<;ao podem ser 
utilizados para determinar a profundidade da 
zona ativa de humidade dependendo se 0 clima 
e de semi-arido a humido ou mais seco. 
Solu<;oes steady state e transientes da mudanca 

1. INTRODUCTION 

The properties of expansive soils achieve 
economic importance when they affect the 
performance of engineering structures that are 
founded on them. The engineering structures 
which are considered in this paper include the 
following: foundations (slabs, mat 
foundations, and pier and beam), pavements 
(highway and airport), retammg walls, 
pipelines, canals, slopes, moisture barriers, 
landfill covers and liners, rehabilitation 

Engineering Structurea 

semi-arid to wet or drier than semi-arid. 
Steady state and transient solutions for suction 
change and the controlling levels of the suction 
at the top and bottom of the moisture active 
zone are presented. Vertical movement and 
lateral pressure can be determined from these 
predicted changes of suction. Downhill creep 
can be measured with viscoelastic properties of 
the soil. 

de suc<;ao e os niveis de controle da suc<;ao no 
topo e fundo da zona de humidade ativa sao 
apresentados. Movimento vertical e pressao 
lateral podem ser determinados a partir das 
mudan<;as em suc<;ao previstas. Downhill 
creep pode ser medido a partir das 

. propriedades viscoel:isticas do solo. 

structures (piers, root barriers, moisture 
barriers). Each of these have their own 
performance criterion which in every case 
should be the objective of the analysis to 
predict and design to accommodate. 

2. PERFORMANCE CRITERIA 

The performance criteria for each of the 
engineering structures listed above are as 
follows: 

Performance Criteria 
Foundations - slab 

mat 
Differential movement: vertical and lateral and allowable stresses 
Differential movement and allowable stresses 

Pavements -

Retaining Walls 
Pipelines 
Slopes 
Canals 

Moisture Barriers 

pier 
Highway 

Airport 

Land Fill Covers and Liners 
Rehabilitation Structures - Piers 

Moisture Barriers 
Root Barriers 

Total vertical and lateral movement; lateral pressure; allowable stresses 
Roughness spectrum, International Roughness Index 
Roughness spectrum, Pilot and Passenger acceleration 
Lateral pressure and movement, allowable stresses 
Roughness spectrum, allowable stress, fatigue criteria, corrosion 
Downhill movement, shallow slope failure, slope stability 
Combination of the performance criteria of retaining walls, pipelines, and slopes; 
thermal and shrinkage cracking; permeability of the cracks and joints 
Reduction of the movement of water in the soil and of total vertical movement 
Moisture and leachate transmission (including the effects of cracks) 
same as piers (above) 
same as moisture barriers (above) 
same as moisture barriers but also to exclude roots 



Design of these structures should always 
involve the prediction of the movement of the 
moisture and of the expansive soil that have a 
direct relation to the performance criteria. 
These criteria, in turn, should be met over the 
expected life of the structure which, in most 
cases, exceeds twenty years. This paper 
addresses the soil, climatic, and site conditions 
that have a major impact upon soil and 
moisture movement and the design-and
performance criteria. These include problem 
site conditions and how to recognize them; 
some methods of predicting the movement of 
expansive soils under many of these conditions 
for use in design; and finally some design 
criteria including seasonal and long-term 
effects of the local climate and the effects of 
the activities of the occupants of the engineered 
structures. 

3. PROBLEM SITE CONDITIONS 

The design of engineered structures on 
expansive soils is a challenge in any condition 
but in the absence of the problem site 
conditions of vegetation, drainage, and slopes, 
the prediction of movement and design to 
accommodate it seems almost simple. 

3.1 Vegetation 

The effect of vegetation on expansive soil 
movement is dictated primarily by two features 
of the vegetation below ground level: the depth 
and extent of the root zone and the cracks in the 
soil that are generated by the growing roots. 
No vegetation can survive beyond the wilting 
point and so one should not expect to see the 
cracks in the soil that are generated by roots to 
penetrate into soil with total suction levels 
above the wilting point. The roots will break 
the soil up into small blocks (clods or peds) and 
water travels much more easily in the cracks 
between these small blocks. In fact, the soil 
zone in which these small blocks of soil are 
found and in which water travels relatively 
more easily, both in liquid and vapor form, is 
the moisture active zone. The soil zone in 
which movement occurs is always more 

shallow than this and is called the movement 
active zone. The depth of the moisture active 
zone is dictated principally by the presence of 
soil broken into clods and peds, which in turn is 
principally done by vegetation. In the upper 
0.6 - 1.0 m, this disintegration of the soil into 
small blocks is assisted by evaporation and 
shrinkage and burrowing animals. The wilting 
point of most plants is around 3100 kPa or in 
terms of the Gibbs Free energy of the soil 
moisture it is 3.16 x 106 mm (5.5 on a log scale 
to the base 10). One should not expect, and 
normally does not see in the field, a moisture 
active zone that extends into soil with a suction 
level higher than those noted above. 

The roots of a tree within the moisture active 
zone can subject the soil to extreme variations 
of suction ranging from very wet (31 KPa or 
3.5 on the mm - log scale) to the wilting point 
(3100 kPa or 5.5 on the mm -log scale). This, 
together with the crack fabric in the soil, which 
provides lessened lateral restraint, allows the 
soil to expand and contract large amounts both 
vertically and horizontally. Nearby 
engineering structures, or those beneath which 
roots intrude, will be affected by this 
movement. the movement of the soil for a 
distance of 0.3 m to 3.0 m from the root zone 
will be affected by the seasonal fluctuation of 
suction in the root zone. When a tree is pulled 
out of the ground or cut down to make way for 
new construction, it is usually done in the 
warm and dry construction season when the 
tree has increased the suction in its root zone to 
a level near the wilting point. When a structure 
is placed over the location where the tree was, 
and the suction in the' root zone returns closer 
to its equilibrium value, the soil in the root 
zone heaves, causing large differential 
movements in the overlying structure. 

Effective countermeasures to this include 
injecting water into the root zone to lower its 
suction level, and monitoring the suction level 
achieved to assure that the expected heave has 
been neutralized. 

3.2 Drainage 

The drainage around any engineering 
structure should always be "positive," that is, 



all water falling near the structure should drain, 
or be channeled away from it. If it is allowed 
to stand, the water will percolate into the 
system of cracks in the moisture active zone. 
The suction will decrease as the water 
percolates downward in accordance with 
diffusion laws, and will be limited by the 
boundary suction at the surface. The wettest 
this suction has been found in the field is 
around 31 KPa (3160 nun or 3.5 on the log nun 
scale). It takes consistent ponding of water for 
a period of several months to permit the suction 
to change to this lower level down to a depth of 
2.5 m. Poor drainage that ponds water for no 
more than a day after a rainfall and then 
evaporates, or lawn watering, which has a 
similar effect, will induce an oscillatory pattern 
of suction with depth, typically centered around 
the long-term equilibrium suction level for that 
site. Lawn watering does not and cannot cause 
a shift in this long-term equilibrium suction. If 
there is a shallow moisture active zone, below 
which there is a layer of intact soil with a 
suction level at or above the wilting point, 
water will accumulate on top of that intact soil 
layer (called a "clay pan") and lower the 
suction in the soil above the intact layer. A 
"shallow" moisture active zone is one in which 
an annual change of suction greater than 0.2 on 
the log - nun suction scale occurs above the top 
of the intact, high suction soil layer. . Such 
shallow zones are up to 6 m thick, but are more 
frequently less than 3 m thick. The water that 
accumulates on top of the intact layer will 
penetrate that layer only very slowly, in 
accordance with Gardner's law of hydraulic 
conductivity (see Lytton, 1994). Water 
accumulating above this intact, high suction 
layer will form an intermittent perched water 
table with a total suction level around 31 kPa 
(3.5 on the log - nun scale). This shallow 
moisture active zone with an intermittent 
perched water table should not be confused 
with the case of a deep permanent water table 
in residual soils such as are found in South 
Africa. Such a water table will form an 
equilibrium suction profile with the long-term 
climate in its location, centered upon a steady
state efflux of moisture. If a building or other 
extensive ground cover is placed on such a site, 

the long-term efflux is interrupted and water 
begins to accumulate above the permanent 
water table, mounding up beneath the center of 
the covered area. This lowers the suction in the 
entire soil column above the water table and 
can result in an extensive heave pattern. The 
depth to which the upward movement occurs is 
governed principally by the amount of suction 
change that has occurred. Except in the 
capillary fringe inunediately above such a 
permanent water table, the suction will never 
drop below 31 kPa (3.5 on the log - nun scale). 

3.3 Slopes 

Slopes can be either natural or compacted 
fill, the latter being from less than 1 m to well 
over 30 m deep. The soils in such slopes obey 
the same laws that govern the fluctuation of 
suction in soils on flat sites. The only 
difference in movement that occurs in slopes is 
that the normal heaving and shrinkage, both 
vertical and lateral, is superimposed upon a 
downhill creep due to gravity. If the fill is 
poorly compacted, there will be an additional 
compression of the fill as the soil adjusts and 
densifies. 

Vegetation on the slopes will open cracks 
during dry weather that fill with water when 
rain or irrigation watering flows down the 
slope. The water runs into the cracks, soaking 
into the sides of the cracks, especially at or near 
the bottom of the cracks, lowering the suction 
and strength of the Soil. The wetter and 
weaker zones are shallow, less than 2 m 
generally, and can result in shallow slope 
failures if the suction drops low enough in the 
intact soil along the bottom of the zone and 
water fills the cracks to a height above a point 
of incipient failure sufficient to cause the 
effective stress to reach zero. The pattern of 
cracks is principally orthogonal, one set parallel 
with the strike of the slope and the other set 
pointing downhill in the direction of the dip. 

Water ponding at the top of the slope can 
feed water into the gallery of cracks in the 
slope and cause these shallow slope failures. 
Intercepting this water and draining away from 
the slope is usually a simple matter that can 



reduce or eliminate the occurrence of shallow 
slope failure. 

Regardless of whether there is a danger of 
this shallow slope failure, compression of 
poorly compacted fill and downhill creep will 
certainly occur. The rate of creep is increased 
with larger slope angles and less stiffness of the 
soil. The latter is governed largely by its 
suction level, and its water content at that 
suction level. The higher the water content, the 
faster will be the rate of creep. Thus, the finer
grained soils will be particularly vulnerable . 
. ' This discussion of problem site conditions 

has been narrative. In the next section of this 
paper, some of the physical principals and 
equations that can be used to predict these 
movements of soil and moisture will be 
presented. 

4. PREDICTION OF MOVEMENT IN 
EXP ANSIVE CLAY 

In this section of the paper, the following 
will be presented and discussed: 
1. The relation between total stress and 

moisture stress 
2. A constitutive equation for volume change 
3. The relation between the edge moisture 

variation distance and the Thornthwalte 
moisture index 

4. A catalog of active suction profiles from a 
wide variety of sites 

5. Transient suction changes due bOLh to 
cyclic and steady suction at the boundary 

6. Trees 
7. Drainage 
8. Slopes 

The presentation cannot be exhaustive 
because of the broad scope of these subjects, 
but several of the more useful concepts will be 
discussed. 

4.2 Relation Between Total Stress and 
Moisture Stress 

Two spheres in contact held together by 
films of water which wet both of the spheres 
has fonned the basis for a relation between 
total stress, cr, and moisture stress, llw, in the 

presence of an air pressure, ua• Figure 1 
illustrates a free body diagram of these stresses 
acting upon a sphere, of radius r, with air 
pressure acting all around it. This is 
characteristic of moist to dry soils, but not very 
wet soils. The moisture stresses are 
characterized by a surface tension, T, the water 

u. 

u. 
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Figure I. Free Body Diagram 

being in tension with a stress of Ua-llw, a contact 
force between spheres ofN, and a total stress of 
cr acting at the midplane of the sphere. The 
surface tension force, T, has a wetting angle, a, 
which can be, but is typically not zero. The 
point of contact between the surface tension 
force and the surface of the sphere is at an 
angle, p. The equation of vertical equilibrium 
of the sphere is: 

N I 1t ( rw ) 2 1t T, ( rw ) - = a = (0 - U Q) + - - (u Q - U •. ) + -- --
4r 2 4 r 2r r 

where cr' the "effective" stress 
cr, ua, llw = total stress, air pressure and 

stress in the water 
Ts surface tension 

r, rw radii ofthe sphere and ofthe 
water film 

and the equation of vertical equilibrium of the 
water film is: 

T (1- sinp) = r (l-cosp)(l-sinp) (U.-U
w

) 

, cosp 

(2) 

with a wetting angle, a, of zero degrees the 
equation relating the effective stress, cr' 

(1) 



(=N/4r), to the total stress (cr-uJ and the 
moisture stress (t1a-llw) uses a collection of 
terms known historically as the x-factor 

_ 1t ( 1 - cos p ) X - -
2 cosp 

with a non-zero wetting angle, the equation for 
the x-factor is: 

(3) 

_ 1t (Sin2(a+p)+2COSP-2Sin(a+p)Sina-COS2p-cos2a) 

X - 4" cos2(a+p) (4) 

The following table shows the relation between 
the central angle, ~ and the x-factor for wetting 
angles of zero degrees and 20 degrees. 

Central x-factor x-factor 
Angle, 

~ a=O° a=20° 

0 0 0 
30 0.244 0.234 
45 0.650 0.671 

52.34 1.000 1.127 
60 1.571 2.385 

The x-factor does not reach 1.0 until a central 
angle of 52.34°. Beyond 45°, all of the 
sphere's surfaces are covered with water films 
and the free-body conditions illustrated in 
Figure 1 are no longer valid. These x-factor 
results for soils with non-spherical particles 
obviously must be modified. However, these 
results closely parallel the use of the 
volumetric water content instead of the x
factor for moist soils by Lamborn (1986), who 
uses the principals of reversible 
thermodynamics to arrive at that result. As the 
soils become wetter, there is a transition zone 
from a value nearly equal to the volumetric 
water content, 8, to a value of 1.0. The 
transition occurs between the suction values of 
+ 310kPa (4.5 on the log - mm scale) and + 1 0 
kPa (3.0 on the log - mm scale). This is 
discussed in more detail in Lytton (1995). 

Thus it is appropriate to state that a change 
of suction, h, has the same effect upon volume 
change and shear strength as an equivalent 
change of mean principal stress, cr, in 
accordance with the relation: 

ll.o = Of 1M I 
(5) 

where 8 

f 

the volumetric water 
content 
a function of volumetric water 
content which varies from 1.0 
at a suction level of -310 kPa 
to a value of 1/8 at a suction 
level of 10 kPa 

I:!cr, I !3.h I = corresponding changes in 
mean principal stress and 
suction 

The effect of osmotic suction components in 
the water will alter the surface tension and the 
wetting angle and thus, necessarily, will alter 
the relation between total stress and moisture 
stress. Now that surface chemistry methods 
are able to measure surface energies and 
wetting and dewetting angles, (Good and Van 
Oss, 1992) it is possible to explore the relation 
between total stress, matric suction, and 
osmotic suction. Such an exploration will 
provide interesting and useful results. It will 
show the separate effect of matric and osmotic 
suction, wetting and dewetting, on shear 
strength and volume change characteristics of 
an expansive soil. A study using the free body 
diagram of a sphere acted upon by water films 
will give valuable qualitative insight into these 
relations. 

4.2 Constitutive Equation of Volume 
Change 

The heave and shrinkage of expansive soil in 
a profile follows a large strain volume change 
function which has limits, as explained in 
Lytton (1995). Subsequent correspondence 
with Juarez-Badillo, whose work was referred 
to in that paper suggested some revisions to the 
model proposed, as illustrated below in Figure 
2. 
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Figure 2. Natural Limiting Volumes in Unsaturated Soils 
and Corresponding Stress States. 



The suggestion was that some mechanical 
stress, as, is required to reduce the volume of 
the soil to the volume of the solids. In the 
previous paper (Lytton, 1995) it was assumed 
that an infinite stress was required. Using 
Juarez-Badillo's approach to determining a 
constitutive volume-total stress-suction surface 
produces the following relation at a small total 
stress of a l as suction changes 

v. = h 

-y 
Va + aVa I h I h 

-y 
1 +alhl h 

(6) 

The volume change between V h at a stress level 
of a1and Vs at a stress level of asis 

Vh + bV (_Os_-_O] Yo 
s 0 - o. 

V = ~~~.......J.~ __ I~ 

1 + b ( Os - 0] Yo 
0-0 

I 

where a the level of mean principal 
stress corresponding to the 
volume, V. 

(7) 

the level of mean principal 
stress required to compress the 
soil to a volume equal to the 
volume of solids, V s 

the level of mean principal 
stress above which the soil 
volume begins to decrease; 
measured values of a i are 
around 7 - 10 kPa 

V" the column of a soil at zero 
suction and under a confining 
mean principal stress of a, 
which is greater than a i . 

I h I the positive value of suction 
a, b coefficients to be determined 

from the measured volume
suction -mean principal stress 
surface 

Y Y = coefficient for the volume 
h' " 

change due to a change of 
mean principal stress, 
respectively. 

There is an interaction between the suction and 
the mean principal stress at a point in a soil 
mass below the surface. As suction level 

decreases, the Helmholtz free energy stored in 
the water is released and is able to do work. 
The work that it does is to increase the 
potential energy stored in the surrounding soil, 
and correspondingly to increase the volume 
and the confining pressure. When the suction 
increases, the surrounding confining pressure 
decreases, releasing the potential energy stored 
in the soil and transferring it to the water. The 
work the water does is to decrease the volume 
of the soil. This exchange of potential energy 
between the soil volume and stress state and 
the water volume and the suction state is an 
energy balance which explains the relations 
between heave and shrinkage, lateral confining 
pressure increases and decreases and the 
corresponding decreases and increases in 
suction. In swelling, as in shrinking, the net 
change of energy is zero as summarized in the 
following relation: 

(8) 

If the level of mean principal stress is high 
enough, no volume change takes place. 
Instead, a decrease of suction results in an 
increase of lateral confining pressure and of the 
mean principal stress, a. It is for this reason 
that the depth of moisture active zone is always 
deeper than the depth of the movement active 
zone. The depth at which volume change 
becomes possible depends mainly upon how 
much suction changes, the magnitude of the 
volumetric water content, e, and the function, 
f, and the relative sizes of the coefficients Yh 
andYa· 

Methods of measunng or estimating the 
coefficients Yh and y" are given by McKeen 
(1981) and Lytton (1994), among others 

The mean principal stress, a, increases as the 
suction decreases and the soil attempts to swell 
against its confining pressure. The mean 
principal stress is given by 

( 
1 +2K 1 o(z) = 3 0 (Y,z+surchargepressure) 

(9) 

the total unit weight of the soil 
= the depth below the surface 

the "at rest" lateral earth 
pressure coefficient. It is "at 

where Yt 
z 

K, 



rest" according to common 
usage as long as the total 
stress is not changing. 

In an expansive soil, the value of ~ is a 
nearly static value only when the soil is in a 
steady-state suction condition and neither 
swelling nor shrinking is taking place. In all 
other conditions, the value of Ko changes and 
depends upon whether there are cracks in the 
soil, and if they are opened or closed, and if the 
soil is shrinking or swelling. Using small 
strain theory, the following expressing can 
approximate the current value of Ko. 

where r 

f 

the ratio of (Yh/Yo)' the volume 
change coefficients for suction 
and mean principal stress, 
respectively 
the fraction of the total volume 
change, I'1v/v, that is directed 
vertically 

11;, h the initial and current levels of 
total suction (mm) 

he' hd the equilibrium and most 
recent dry suction. (This term 
estimates the shrinkage 
cracking that must be closed 
when the soil is wetting. The 
term involving he and hd 
should not be used if the soil 
is drying. (Measured in mm) 

cry the vertical total stress 
including overburden and 
surcharge 

crj as noted before, the mean 
principal stress level above 
which volume change takes 
place. 

Thus, the values of Ko and f are not 
independent of one another. Common values 
of f and ~ that are used in practice and the 
conditions to which they apply are as follows 

f = 0.5 soil is drying 
f= 0.8 soil is wetting 

These values have been back-calculated from 
field observations by McKeen (1981). 
~ = 0 0 soil is dry and cracked 

soil is dry and cracks are opening 
cracks are closed and suction is in 
a steady state condition 
cracks are closed and soil is 
wetting 

Ko = 1 soil suction is at or below its 
climatic equilibrium value and 
the soil is wetting. Soil is in a 
hydrostatic stress condition 

Ko = 2-3 Passive earth pressure, or 
maximum lateral pressure 

Thus, the exchange of potential energy 
between the water phase and the soil mass is 
one that involves an interaction between the 
two, whether the soil mass is expanding or 
contracting. The Ko-value should not be 
regarded as a constant even under steady state 
moisture and stress conditions because of the 
ability of these soils, which are highly 
viscoelastic, to relax under constant stress 
conditions, A more extended discussion of the 
lateral earth pressure coefficient is found in 
Lytton (1995). 

4.3 Relation Between Edge Moisture 
Variation Distance and Thornthwaite 
Moisture Index 

In 1994, a series of graphs of edge moisture 
VarIatIOn distance plotted versus the 
Thomthwaite moisture Index was presented for 
both the edge drying and edge wetting 
conditions (Lytton 1994). These graphs were 
intended to be used in the design of pavements 
and foundations on expansive soils. There 
were seven curves shown on each graph, one 
for each of several different soil types, 
differentiated by their unsaturated diffusivity 
ranging between 3.9 x 10-2 mm2/sec and 7.8 x 
10-1 mm2/sec. The points on the curves were 
computed using a pair of finite element 
programs coupled to compute transient suction 
change and non-linear elastic response (Gay. 
1993). Severe climatic boundary conditions 
were imposed. For edge drying, the soil profile 
was initially very wet for the climate and 
severe drying condition was imposed. For 
edge wetting, the soil profile was initially very 
dry for the climate and a severe wetting 
condition was imposed on the soil beside the 



covered area. Nine different climatic zones 
ranging from a Thomthwaite Moisture Index 
(TMI) of -46.5 to +26.8 were used. Weather 
data used to calculate the TMI in each location 
spanned 50 years. The two graphs are repeated 
below. 
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Figure 3, Edge Drying 

Soil No, Diffusion Coefficient 
mm2/sec 

7,8 X 10-1 

2 5,8 X 10-1 

3 3,9 X 10-1 

4 1.9 X 10-1 

5 8,0 X 10-2 

6 5,8 X 10-2 

7 3,9 X 10-2 
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Figure 4, Edge Wetting, 

The unsaturated diffusivity coefficients 
make use of the approach adopted by P. W. 
Mitchell (1980) to describe unsaturated flow of 
water in the cracked, moisture active zone. 
When the soil is at or near its equilibrium 
suction value, the Mitchell hydraulic 
conductivity is the same as that predicted by 
the Gardner relation (Gardner, 1958) for intact, 
uncracked soils. However as the soil dries to 
suction levels that are over. a decade from 

equilibrium, Mitchell's relation shows a higher 
hydraulic conductivity than does the Gardner 
relation, thus in some measure accounting for 
the higher conductivity of the cracked soil. 

4.3.1 Edge Moisture Variation Distance in 
Drier Climates 

It may seem puzzling at first why the edge 
moisture variation distances begin to drop 
downward at Thomthwaite Moisture Index 
values more negative than -10, This is 
explained by the lower hydraulic conductivities 
in soils in the drier climates. However, it is 
known that pavements and foundations 
experience severe distress due to expansive 
clay subgrade movements in arid and semi-arid 
areas characterized by Thomthwaite Moisture 
Indexes more negative than -10. Aside from 
the obvious conditions in which poor drainage 
forms continuous ponds and high water tables 
(shallower than 10 m), there is damage of a 
cumulative nature done by the wet-and-dry 
cycling that occurs in these climates, The 
suction amplitudes are recorded in the 
10gIOImmi scale. This means that the amplitude 
is half of the difference between the maximum 
and minimum total suctions on the log mm 
scale. 

Thomthwaite Soil Soil Soil Soil Soil Soil Soil 

1M0isture Index No.1 No.2 No.3 No.4 No.5 No.6 NO.7 
-46.5 0,25 0,22 0.19 0.14 0.10 0.09 0.09 
-40.0 0,36 0.32 0.27 0.20 0.15 0.14 0.12 
-35.0 0.52 0.45 0.38 0.28 0.21 0.19 0.18 
-30.0 0,74 0,64 0.54 0.40 0.30 0.28 0.25 

-25.00 1.13 1.00 0.85 0.67 0.54 0.51 0.49 
-21.3 1.40 1.24 1.06 0.84 0,68 0.65 0.62 
-11.3 1.84 1.63 1.40 1.10 0,91 0.87 0.83 
14,8 1.62 1.56 1.33 1.05 0,86 0,82 0.79 
26,8 1.62 1.56 1.33 1.05 0,86 0,82 0.79 

Figure. SuctIOn AmplItude [log Imml Total SuctIOn] 

The edge moisture variation distance used in 
the design of foundations and pavements in the 
climatic zones more negative than -lOis 
computed with the oscillating suction transient 
equation proposed by Mitchell (1980). 

u (x,Q ~ u. • u. ~p H~l 00+'.' -x~l 
where Ue = the equilibrium value of 

suction expressed on the log 
mm suction scale 

(11) 



Uo = the 10gIOInuni suction 
amplitude 

x the horizontal distance from 
the edge of the covered area 

n the number of suction cycles 
per second (1 year = 31.5 x 
106 seconds) 

t time in seconds 
a the unsaturated soil diffusion 

coefficient (ranges between 
10-3 and 10.1 nun2/sec) 

The edge moisture variation distance within 
which the total cyclic change of 10gIOInuni total 
suction is no more than 0.2. The equation is 
given above can be used to solve for the edge 
moisture variation distance, em, and the result is 
as follows 

e = 
m 

(12) 

where em = the edge moisture variation 
distance in m. 

Methods of estimating the diffusion 
coefficient from the Atterberg limits, and 
percent of the soil passing the 64 11m and 2 11m 
sizes are found in Lytton (1994). 

4.4 Active Soil Profiles 

It is beginning to become apparent that 
design practice can be made, if not simpler, 
then more rational and reliable by classifying 
profiles and suction patterns. Water flow in the 
field occurs in the cracks in the soil and in the 
intact clods and peds between the cracks. It 
occurs in liquid and vapor form as well.. In all 
such conditions, moisture will and must always 
move along a negative energy gradient and 
thus the energy expression of suction is most 
useful in both classifying profiles and 
predicting water movement. The symbols h, 
~, and ~ for the energy expression of total, 
matric, and osmotic suction in the g -mm1g 
form has the mnemonic value of standing for 
"head" or "energy head." This energy 
potential, a Gibbs free energy, is inherently 
negative. Using suction expressed as a 
negative head, the usual flow equations do not 
need to be rewritten since flow will always 

occur from a less negative to a more negative 
head. If suction were expressed as a positive 
stress as is convenient when dealing with shear 
strength and volume change, flow would occur 
from a lower to a higher suction. It is for this 
reason that the energy expression of suction, 
which is inherently a negative number, the 
mnemonic symbols h, ~, and ~ are preferred 
in dealing with moisture flow, and measured in 
nun. The non-SI pF-scale was very useful, as 
well, in keeping the numerical values of the 
suction within a range that can be grasped 
readily. Thus, it is proposed that this very 
useful log scale of suction be transferred into 
the SI-units as the loglo nun scale with the 
symbol pG, with the p standing for the 
logarithm and G standing for the Gibbs free 
energy. The corresponding scales will be as 
follows 
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Along the 10gIOImmi (pG) scale these are 
several important marks for classifying soil 
profiles. They are as follows 

Moisture Condition 
Field Capacity 
Clay Wet Limit 
Wilting Point 

Air Dry 

l.Qglolnunl CpG) 
3.0 
3.5 
5.5 
7.0 

The suction measured in the field will never be 
found outside the range. Several examples of 
these will be used as illustrations. Some 
general principles must be noted first. 

1. It is total suction, h, that governs the 
flow of water in the soil. 

2. No clay soil will be found in the field 
wetter than pG 3.5. 



3. No soil in the field will be drier than pG 
5.5 if the suction is controlled by 
vegetation. 

4. No soil in the field will be drier than pG 
7.0 if the suction is controlled by 
surface evaporation. 

5. Any soil in the field with a suction level 
above the wilting point (pG = 5.5) 
cannot be penetrated by the roots of 
vegetation and must be presumed to be 
intact, that is, not broken into small 
blocks, clods, or peds as is done by 
roots. Soils at such levels of suction 
may have high osmotic suctions or have 
been cemented by diagenetic bonding. 

6. Soils at or near the surface within 
suction ranges ofpG 3.5 to 5.5 (or 7.0 in 
the upper 1.0m)form the moisture active 
zone. In this zone, most of the moisture 
moves in the cracks in the soil and use 
of the Mitchell form of hydraulic 
conductivity is appropriate. 

7. Soils deeper than 1.0 m with suction 
levels greater than pO 5.S are in a 
moisture inactive zone. The soil may be 
presumed to be intact and that water 
flows through the intact soil governed 
by the Gardner form of hydraulic 
conductivity. Occasionally in such 
soils, fissures, or seams will be found 
that carry moisture. These features 
transmit water very slowly and can be 
identified in a suction profile by a 
horizontal v-shape, the suction 
increasing away from the seam, both 
above and below it. Contraction and 
expansion of the soil in such a zone can 
occur but only if large enough suction 
changes occur to overcome the 
confining pressures. Suction changes 
occur so slowly in these soils that 
expansion in such high suction soil will 
affect the performance of an engineering 
structure built upon it only very slowly 

8. Corresponding graphs of total and 
osmotic suction (the latter determined 
by the difference between total and 
matric suction) will help to confirm the 
identification of a moisture inactive 
zone due to high osmotic suctions. 

Cementation may permit large values of 
matric suction at or above the wilting 
point. It is a good idea to confirm the 
existence of such an inactive zone by 
computing the hydraulic conductivity 
using Gardner's relation. 

In classifying soil profiles using measured 
suction values, the objective is to identify 

I. The depth of the moisture active zone 
and the beginning of the moisture 
inactive zone. The Mitchell hydraulic 
conductivity relation may be used in the 
moisture active zone whereas the 
Gardner relation must be used in the 
moisture inactive zone. 

2. The governing suction levels in the soil 
profile: at the bottom of the moisture 
active zone, and at the surface, the 
maximum and minimum values 

Having determined these two, it is then 
possible to predict the changes of suction that 
will occur in the future to control the vertical 
and horizontal movements and pressures in the 
soil profile. In order to demonstrate the 
principles of suction profile classification, 
several suction profiles measured in various 
locations in Texas and Louisiana will be used 
as illustrations. 

4.4.1 Depth of the Moisture Active Zone 

Several clues are available in the suction 
profile to indicate the depth of the moisture 
active zone, as follows: 

1. The first point at which the total suction 
does not vary more than 0.08 10glO\mm\ 
suction units per meter with depth. The 
suction level at which this occurs is the 
equilibrium suction level. 

2. a permanent water table or one that is 
changing its elevation steadily over a 
multiple-year period 

3. a distance 0.6m below the deepest 
recorded root fiber 

4. The first point at which the loglo \mm\ 
suction begins to be consistently at or 
above the wilting point of vegetation. 
This point occurs where the 10gIO\mm\ 
suction level is 5.5. This indicates the 
presence of cemented, intact soils or 



soils with high osmotic suction which 
would discourage penetration by roots. 
Cemented soils may have high matric 
suction values while an high osmotic 
suctions will have the osmotic suction 
nearly as large as the total suction. 

5. The point where the matric suction is 
the same as or within 0.1 10gIO Imml 
suction units of the total suction an the 
total suction has become nearly constant 
with depth, changing no more than 0.08 
loglo Imml suction units with depth. 

The first criterion is illustrated in Figure 4 
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Figure 4. Suction Profile with Depth Illustrating the 
Point where Suction Becomes Constant with Depth. 

The second criterion is illustrated in Figure 
5, which is a set of suction measurements made 
in and around a swamp in Louisiana. The 
location of the water table was inferred by 
projecting the total suction in mm downward 
on a 1: 1 slope until it reached the wet limit of 
suction in clay of 3162 mm (pG = 3.5 or -
31kPa). 
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suction (Russam and CoIenun, 1961) . 

Figure 5. Suction Profile with Depth Illustrating the 
Inferred Presence of a Water Table. 

The third criterion is illustrated in Figure 6 
which was measured in the root zone of a large 
oak tree in Texas during a hot, dry summer. 
The deepest recorded root fiber was at 4.3 m. 
The total suction, which had been at or slightly 
above the wilting point down to that point, 
began below that point to reduce dramatically. 
The moisture active zone is where moisture can 
move quickly in and out of the soil in the 
cracks formed principally by vegetation. Roots 
can fracture the soil approximately 0.6 m 
beyond or deeper than the location of the root 
fiber. The soil moisture beyond that point is 
influenced by changes of suction in the root 
zone but at the slower rate for intact soil 
governed by Gardner's relation. 
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Figure 6. Suction Profile in a Tree Root Zone in 
Summer 

The fourth criterion is illustrated in Figure 7, 
a suction profile showing a cemented soil 
which roots cannot penetrate below a depth of 
0.8 m. The inference that it is a cemented soil 
comes both from the boring log comments on 
the soil being "very stiff' and from the high 
level of matric suction, nearly equaling the 
total suction. The soil at this level of suction 
and higher cannot support vegetation and will 
not be cracked by it. The soil is intact and 
marks the limit of the moisture active zone. 
Frequently, rainwater falling on the ground 
surface will percolate down to the top of the 
high suction layer and will accumulate there, 
forming an intermittent perched water table. 
The soil in the moisture active zone can, and 
usually does, undergo large changes of suction 
between its established wet and dry limits, and 
consequently large and rapid shrinking and 
swelling. 
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Figure 7. Suction Profile Showing a Cemented Soil 
Layer. 

Figure 8 shows a profile of a soil with a high 
osmotic suction level but one that is not high 
enough to prevent the penetration of roots. The 
soil had high concentrations of soluble sulfates 
and underlay a pavement that had experienced 
repeated episodes of repeated distress. 
Consequently, although the borings were 
carried to a depth of 4.4 m, it did not reach the 
bottom of the moisture active zone. 
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Figure 8. Suction Profile Showing High Osmotic 
Suction. 

Figure 9 illustrates the fifth criterion. The 
total suction at a depth of 3.4 m had nearly 
reached the equilibrium suction criterion (0.08 
loglo Imml suction per m) when the matric 
suction arrived at the same value. The total 
suction is not high enough to exclude the roots 
of vegetation. 
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(Russam and Coleman, 1%1) 

Figure 9. Suction Profile Showing the Total and Matric 
Suction Values Converging. 

The increasing matric suction indicates an 
increase of cementation of the soil, while the 
small suction gradients indicate a low level of 
vertical moisture velocity. Together, these 
criteria indicate the bottom of the zone in 
which water will move at a quickened pace 
over that in an intact soil.. This criterion is 
based principally upon a maximum rate of 
vertical flow criterion according to which 
water is permitted to flow vertically upward or 
downward at a rate no greater than 100 mmlyr 
using the Mitchell hydraulic conductivity 
relation. 

In cases where two or more criteria appear to 
apply, the more conservative one should be 
selected. 

It is noted that the equilibrium value of soil 
suction as determined by the empirical relation 
with the Thomthwaite Moisture Index 
developed by Russam and Coleman (1961) is 
shown on each of the graphs in Figures 4 
through 9. Although some of the suction 
values at the bottom of the moisture active zone 
are close to the suction value derived from the 
Russan and Coleman graph, notably in Figures 
4 and 5, it is commonly observed that the 
empirical relation does not match the observed 
equilibrium suction well. This statement does 
not call into question the value of the empirical 
relation. Instead, it emphasizes the need to 
determine the equilibrium suction on a more 
fundamental basis which includes the 
desorption suction-versus-volumetric water 
content characteristic curve of the soil on any 
given site. Such a relationship was developed 



by D. A. Gay (Gay, 1993). The desorption 
characteristic curve for a soil is given by 

(13) 
where e s saturated volumetric water 

content 
e = . residual volumetric water r 

content 
em the mean volumetric water 

content in a particular climate 
A, B = coefficients which define the 

soil-water characteristic curve 
The mean volumetric content in a given 

climate, em from the following equation is 
substituted into the above equation to give the 
suction-vs-Thomthwaite Moisture Index 
relation in closed form. 

e[c - edry e 
m + edry 

d -d 
am I 1 + 

where dan 
(14) 

the available moisture stored 
in the soil profile. This is 
normally taken as 300 mm for 
most clay soil profiles. 

e = dry 

0.4949 dam + 0.305 
0.0393 dam + 1.357 
0.00627 dam + 59.536 
the Thomthwaite Moisture 
Index + 60 
the volumetric water content at 
the field capacity moisture 
condition corresponding to a 
suction of (-9.8 k Pa or pG of 
3.0 or - 1000 mm) 
0.88 e s approximately for clay 
soils 
the volumetric water content at 
the controlling suction 
condition at the ground 
surface, I~I 

(15) 

The two most common driest suction values 
found at the ground surface. are when it is 

controlled by the wilting point of vegetation (+ 
3100 kPa or -3.16 x 105 mm or pG of5.5) or by 
evaporation from the soil surface (+9.8 x 104 

kPa or _107 mm or pG of 7.0). The values ofe
s
' 

e A and B define the soil-water characteristic P , 

curve. The Thomthwaite Moisture Index 
defines the long-term climate and the 
controlling dry suction defines the shape of the 
curve especially in the negative Thomthwaite 
Index Range. The available moisture depth, 
dam, may be taken as 300 mm or it may be 
estimated from the amount of water stored in 
the soil between the wettest and driest steady 
state suction profiles with depth. Typical 
values of e s' e r, A, and B used in generating 
clay soil-water characteristic curves with 
substantial amounts of fine clay content are 

e s = 0.50 
e r = 0.04 
A = 475 if I h I is expressed in mm. 
B = 0.50 

These values, with a controlling dry suction 
of +9.8 x 104 kPa ( or -107 mm or a pO of 7) 
will produce larger values of equilibrium 
suction than can be determined with the 
empirical relation due to Russam and Coleman 
(1961). These larger values are closer to t~e 
suction values that are observed at depth m 
Figures 4, 6, 8, and 9. Use of the above 
equations together with simple methods of 
estimating the desorptive soil-water 
characteristic curve will make the 
determination of an equilibrium suction at 
depth a routine matter. It will also make ~he 
task of identifying those suction profiles whIch 
are controlled by a high water table, or a high 
osmotic suction or a cemented soil a more 
reliable one. 

4.5 Transient Cases 

As explained in previous references (Lytton 
1992, 1994), design of most engineering 
structures should be based upon a change of 
suction between two suction profiles which 
represent a steady state of flow. The Post
Tensioning Institute design procedure (19~O, 
1996) is based upon an edge drying (center h~) 
and an edge heaving (edge lift) differentIal 
movement. The edge drying movement occurs 



between an equilibrium suction profile (vertical 
velocity is zero) and a profile beneath a covered 
area with steady upward flow, controlled by a 
vegetative suction (+3160 kPa, _105

.
5 mm, or 

pG 5.5) or an evaporative suction (9.8 x 104 

kPa, - 107mm, or pG 7.0) at the surface. The 
edge wetting movement occurs between an 
equilibrium suction profile and a profile with 
steady downward flow which is controlled by a 
surface suction at the wet limit for suction ( 
+31 kPa, _103

.
5 mm, pG 3.5). 

There are specific cases in which transient 
rather than steady state suction profiles will 
prove to be useful for design purposes. One of 
these is the equation for the variation of suction 
with depth caused by a cyclic suction at the 
surface. That equation was developed by 
Mitchell (1980) and has been presented earlier. 
This equation and variations of it can reliably 
predict the effects of lawn watering and 
seasonal rainfall and drying. 

Other transient cases represent the extreme 
cases of constant ponding and constant 
evaporation or transpiration. These cases are 
rarely seen in the field and should be used 
sparingly. They, too, were developed by 
Mitchell (1980). The solution for the ponding 
case IS 

u(z,t) = u. + [u,w - u. I erfc ( 2~ 1 
(16) 

the logarithm of the total 
suction in mm at the depth, z 
in mm, and at time, t in 
seconds. 

where u( z, t) 

ue(z) 

a. 

the equilibrium logarithm of 
suction in mm at depth, z. 
the constant logarithm of 
suction in mm at the surface 
the unsaturated diffusivity in 
mm2/s, as defined by Mitchell 
(1980). The value of a. ranges 
between 10-1 and 10-3 mm2/s. 

The constant evaporation case is 

u(z, t) = u.(z) + [ Ua - u.(z) 1 etfo ( _z_) 
2{Cii 

- [ Ua - u.(z) 1 exp ( rz + r 2at ) etfo ( ~ + r{Cii ) 
2{Cii 

(17) 

whereu(z,t) 

ua 

r 

the logarithm of the total 
suction in mm at depth, z, and 
time, t. 
the equilibrium logarithm of 
suction in mm at depth, mm. 
the logarithm of the suction in 
mm in the air above the soil. 
the film coefficient of vapor 
transfer. This was found 
experimentally by Mitchell 
(1980) to be 0.054 mm-I. 

Another case of practical interest to design is 
the change of suction beneath a covered area 
immediately after construction. The transient 
equation for this case is 

u(z,t) =u (e) +ll.Ur 8 * 
e n=1 (2n-If~ 

cos[(2n-I)TIZ] * exp[ (2n-IY~atl 
2e 4Q2 

( 18) 

where Ue(1) the logarithm of the 
equilibrium suction in mm at 
the depth of the moisture 
active zone. 

I the depth of the moisture 
active zone in mm. 

~u the change of the 
logarithm of suction in mm 
from the bottom of the 
moisture active zone to the top 
of it at the time of 
construction. 

With a rising permanent water table, I will 
decrease with time. 
These three cases will apply to most of the 
transient cases encountered in design. 

4.6 Trees 

The equations presented above provide a 
means of estimating the suction within the 
moisture active zone because they make use of 
the Mitchell formulation of hydraulic 
conductivity, which includes, in an 
approximate way, the effects of the smaller 
cracks in the soil in assisting the transmission 
of water. 

The actual suction within a tree root zone 
changes rapidly with the seasons varying from 



nearly the wet limit of suction (+31 kPa, _103
.5 

mm, or pG 3.5) to the wilting point (+3100 
kPa, _105

.5 mm, or pG 5.5). Thus trees can 
engender both heave and shrinkage at the edge 
of a foundation or pavement. Another major 
problem created by trees is when they are cut 
down or removed prior to construction, leaving 
their root zones beneath the covered area. 
Because of construction normally proceeds 
during warm and dry weather, the severed tree 
root zone is at or approaching the wilting point. 
The suction beneath the covered area then 
approaches its equilibrium value, wetting up 
the tree root zone and causing heave. 

4.7 Drainage 

The effects of poor drainage may be 
represented for design purposes by using either 
the ponding transient condition or a steady state 
representation throughout the depth of the 
affected area of a suction level at the wet limit. 

4.8 Slopes 

In his Theoretical Soil Mechanics, Terzaghi 
(1963) used an elastic solution presented by 
A. E. H. Love (1927) to represent the stress 
state in an earth dam. The solution was for the 
stresses, strains, and displacements in an elastic 
wedge acting under its own weight. The 
solutions for displacements, translated to use 
elastic material properties that are more 
familiar are as follows: 

u(x, z) = _ (1 ; v) p + (1 ~ J-) q 

vex, z) (1 + v) r + (1 - v2
) S 

E E 
(19) 

where 
u(x, z), vex, z)= the horizontal and vertical 

displacements 

and 

E,v 

p 
q 
r 
s 

= 

the Youngs modulus and 
Poisson's ratio 

3ax2 + 2bxz + cz. 
3ax2 + 2bxz + cx2 + 6dxz 
bx2 + 2cxz + 3dz. 
6axz + bz. + 2cxz + 3ctr. 

Referring to Figure 10, the coefficients a, b, c, 
and d are further defined as: 

~------____________ ~I$X 

$Z 

Figure 10. Sign Conventions for Love's Solution for an Elastic Wedge 

Yt a = -' 
6 

tan p - tan a 

(tan a + tan P)3 

1 
b = '4 [ Y I - 6 a (tan p - tan a) ] 

c = - 3 a (an a tan p 

tan
2 
p [ 6 3 )] d = -12- - Y I + a ( tan ex + (an p 

(20) 

Setting the angle a to equal W + nl2) gives a 
slope with a slope angle of (n12 - ~). Making 
use of the viscoelastic correspondence principle 
and of Schapery's approximate inverse LaPlace 
transform (Schapery, 1962, 1965) gives the 
equation for down hill creep displacements of 
these soils. The equations are as follows: 

I 
u (x, z, t) = .---------------* 

Ea. + EI r (l-m) (2t)-m 

[ - (I + v) p + (1 - v2
) q 1 

1 
v (x, z, t) = ----------- * 

Ea. + EI r (1-m) (2trm 

[ -(1 + v) r + (I-v2
) S 1 

(21) 

where 
Ea , E1, m = the coefficients and exponent 

of the power law relaxation 
modulus of the soil 

r (1 - m) the Gamma function with the 
argument (1 - m). 

v the Poison's ratio which is 
assumed to be constant 

The slope as defined here is illustrated in 
Figure 11. 



Figure II. Configuration for the Downhill Displacement of a Slope 
with a Slope Angle of (90-13)°. 

For this special case, the coefficients a, b, c, 
and d are as follows: 

b :1 ( 1 - ~ ) 
n 3 

y{ L c 
2 n 3 

d y { e2 ( g ( . 2 P - 3 COS 2 P } 1 } - - Sin 

12 n 3 

e = tan 2 p 

g = sin p cos p 

(22) 

Tht:; values of Eo., E1, and m depend upon the 
level of suction in the soil and can be measured 
simply in a relaxation modulus test on the soil. 
Typical values of m, the exponent are between 
0.10 and 0.50. The exponent can never be 
above 1.0. The displacement of the slope in the 
downhill direction is given by 

w(t) = u(x, z, t) sin p + vex, z, t) cos p 
(23) 

Downhill creep has caused serious problems 
to foundations and pavements and these 
equations provide a relatively straight forward 
way of estimating the down hill movement 
prior to construction. The equations are set up 
so that the origin does not move. Thus it 
should be set at the bottom of the slope and the 

displacements calculated for values of x and z 
which are both negative. An example of such 
calculations is shown in Figure 12. 
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Figure 12. Typical Computed Downhill Creep Movements. 
Soil Properties used in making these computation were measured in 
the laboratory and are as follows: Ea=37 kPa; E,=3.8 x lOs kPa-(s)m; 
m=O.24; v=O.4; y,=18 kN/mJ 

5. DESIGN CRITERIA 

The performance of engineering structures 
can be predicted using one or another of the 
methods outlined in the previous section of this 
paper. The design criteria that should be met 
by these structures can be compared with the 
predicted performance to determine whether 
the design being considered is adequate. If it is 
not adequate, another alternative is explored in 
the same way. This is the design process, one 
that has not, in general, been used in the design 
of engineering structures on unsaturated soils 
because the predictive methods were either 
unavailable or unverified with actual 
performance. 

All engineering structures on unsaturated 
soils, are subject to the variations of suction at 
the soil surface due to weather, evaporation, 
vegetation drainage, and watering patterns. In 
designing these structures, recognition must be 
taken of the length of the time these structures 
must be in service, and of the severity of the 
weather patterns that may occur during the 
expected life of the structure. The return period 
in hydrologic events is appropriate to use in 
estimating the design criteria for foundations 
and pavements on these unsaturated soils. 

As an example of this, the edge moisture 
variation distance em, that is used in the design 



of slabs-on-ground can be estimated using the 
em-versus-Thomthwaite Moisture Index (TMI) 
chart that was published with the Post
Tensioning Institute design manual (First 
Edition, 1980: Second Edition, 1996). These 
em-values were derived by back calculation 
from slabs which were perfonning successfully 
in San Antonio, Dallas, and Houston. None of 
the slabs were more than 10 years old at the 
time. It can be argued that the design values of 
em represent a 10-year return period. On the 
other hand, another set of em -versus TMI charts 
were presented by Lytton (1994). These charts 
were developed by finite element simulation 
using suction conditions inferred from weather 
data that covered up to 50 years. The finite 
element program, a coupled non-linear elastic 
and unsaturated diffusion transient flow 
program, had been calibrated to several years of 
field observations beside and beneath 
pavements. It can be argued that these charts 
represent a 50-year return period. The use of 
the Gumbel probability density function, which 
is commonly used to represent the probability 
of weather events, may be used to establish the 
risk level that is desired for design in 
accordance with the expected service life. The 
following table shows the risk level and 
corresponding return period that can be selected 
for design. 

In the case of the PTI design procedure, 
these risk levels, as defined by the Gumbel 
distribution, can be used to interpolate design 
values of em between the 10-year chart in the 
PTI manual (10 percent risk) and the 50-year 
chart in the paper by Lytton (1994) (2 percent 
risk). 

The equation relating the em-values for the 
10-year and 50-year return periods to the 
design em value for another return period is 
given by 

(24) 

The z.. scores are computed from the Gumbel 
cumulative probability distribution curve. 

1 _ i:J - - - e 
r 

(25) 

where r the return period in years 
p,p the scale and shape factors for 

the Gumbel distribution 
Assuming that both p and p equal 1.0 in 

Equation (25), and that the 10-year and 50-year 
em-values are 1.37 m and 2.44 m respectively, 
the following table gives typical values of em 
for a range of return periods. 

Return 
Period, 
Years Risk, % Zr em,m 

100 1.0 99.5 3.77 
80 1.25 79.5 3.24 
50 2.0 49.5 2.44 
40 2.5 39.5 2.17 
25 4.0 24.5 1.77 
20 5.0 19.5 1.64 
10 10.0 9.49 1.37 
5 20.0 4.48 1.24 
2 50.0 1.44 1.16 

The underlined em-values were used to 
construct the table of risk scores and em-values 
for other risk levels. The value of p will 
change to meet the probability patterns of local 
drought and rainfall occurrences. This 
illustrates how these two sets of design charts 
may be used to account for return periods in 
weather events. A common design period for 
residential and pavement construction is 20 
years (5 percent risk). Similar procedures can 
be established for the other types of 
engineering structures. 

Design requires a reasonable estimate of the 
maximum movements or pressures that can be 
expected during the expected service life of the 
engineering structure. In some cases, such as 
with vertical membranes that are used as 
moisture barriers or root barriers, the maximum 
movements or pressures that are exerted by an 
active soil can be reduced dramatically if the 
vertical membrane is extended deeply enough. 
A membrane depth of 1.25 m has been found to 
be a minimum practical depth to assure at least 
a 50 percent reduction in differential 
movements, when the source of the moisture or 
drying influence is at or near the ground surface 
(vegetation and drainage). In pavements, the 
annual total movement in any given wheel path 



has been found by field observations to result 
in an accumulation of roughness in that wheel 
path over time. Vertical barriers assist in 
reducing the rate of roughness increase in all 
wheel paths but their effectiveness depends 
upon how deep they are relative to the depth of 
the moisture active zone. It has been found that 
a vertical membrane (not an injected slurry) 
should be as deep as the moisture active zone 
until that zone becomes deeper than 2.5 meters. 
Vertical membranes deeper than that will 
continue to be more effective with increasing 
depth, but the increase will be at a diminishing 
rate. 

Design does not need to be based upon 
precise transient solutions to the unsaturated 
moisture flow and movement problems 
although these solutions give the clearest 
understanding of what must be designed 
against. Instead, the transient solutions are 
always bounded by steady state envelopes with 
the appropriate wet and dry limits of suction 
applied as the controlling boundary conditions. 
These steady state solutions are easier to 
compute and being envelope values, are 
generally more useful in design than the 
transient results. The steady state computations 
are based upon a steady velocity of moisture 
flow both into or out of the soil, flowing 
between the steady suction at the base of the 
moisture active zone and the controlling wet 
and dry limit suction values at the surface. 

The obvious exception to this general 
approach is the steady accumulation of water 
mounding above a permanent water table and 
below an extended covered area, a condition 
that is common in residual soils, and is 
commonly encountered in South Africa. In 
such cases, the controlling suction is at the 

water table (around +31 kPa or -103.5 mm or 
pG 3.5) and is at a rising elevation. At the 
surface, the controlling boundary condition is 
zero flow beneath an impervious boundary. 
The solution to the changing suction and 
movement patterns is transient and should not 
be based upon the erroneous assumption that 
the accumulating water above the permanent 
water table is somehow changing the 
Thornthwaite Moisture Index. The solution to 
this transient problem is provided earlier in this 

paper (Equation 18) and IS due to Mitchell 
(1980). 

6. NEEDED RESEARCH 

There is beginning to be a broad-scale 
recognition that there are serious questions in 
the analysis and design of engineering 
structures on unsaturated soils that can only be 
answered with equally serious research. 
Practitioners, analysts, and designers should 
encourage the needed research and welcome 
the results as they are brought out. One of the 
reasons that such research would have been 
premature earlier is that previously there has 
not been a reasonably well-defined framework 
within which to systematically answer the 
questions. The international conferences on 
expansive soils and unsaturated soils since 
1965 have contributed much to the formulation 
of this fTamework. 

Briefly listed here are some of the subjects 
that fit within that framework and the questions 
that need definitive answers. The subjects are 
volume change, shear strength, lateral earth 
pressure, hydraulic conductivity, effects of 
viscoelastic properties of soils and particularly 
the effects of composition and compaction 
upon these properties, and the effects of 
weather return periods upon risk and reliability 
of engineering structures built on or in these 
unsaturated soils. 
Volume change behavior of unsaturated soils 
needs to establish when the large strain and the 
small strain formulation should be used and 
how to account for the formation and presence 
of cracks in the soil mass. The effects of the 
change of osmotic suction needs to be explored 
systematically. Shear strength research needs 
to establish the mechanics basis for its relation 
to both matric and osmotic suction and the 
effects of cracks in the soil on shear strength. 
This is particularly the case with the case of 
shallow slope failures in which the 
transmission and storage of low suction water 
by cracks is a known major contributor. 
Lateral earth pressure fonnulations must be 
developed to account for the cracks, the 
transient suction in soil masses, and the effect 



of the viscoelastic mature of the soil on the 
lateral earth pressure coefficient. Hydraulic 
conductivity formulations need to be made to 
account for the effects of distributed cracks in 
the soil mass and of osmotic suction and 
dissolved inorganic salts and organic 
compound on the rate of flow, both in liquid 
and vapor form. Constitutive equations of 
unsaturated soils that take into account the 
composition (percent water, solids, and air) and 
the effects compaction on its viscoelastic 
properties need to be developed. Weather 
patterns for both drought and rainfall are 
already known and the characteristic values of 
p and ~ in the Gumbel distribution may already 
be catalogued by meteorologists or 
hydrologists. If so, this information needs to be 
made available to designers in practice. 
Finally, nondestructive or small aperture testing 
instruments need to be developed to permit 
more rapid and precise determinations in the 
field of these important characteristics of 
unsaturated soils: the components of suction, 
water content and unit weight, and the density 
of the crack fabric, the stiffness and viscoelastic 
properties of these soils. 

7. CONCLUSIONS 

The culmination of successful research is the 
formulation of a sound mechanics framework 
for the behavior of unsaturated soils in the 
field, laboratory and field, instruments to 
measure the relevant properties, an accurate 
understanding of and an ability to use with 
confidence the important relationships by 
designers and practitioners, rational design 
criteria that are attuned to this overall 
framework, and finally, successful application 
of these to achieve predictable performance at 
desired levels of reliability. Measured by this 
description, we have more to do in many areas 
of unsaturated soil testing, analysis, and design. 
The importance of the problems that are 
encountered by engineering structures on 
unsaturated soils in all climates, and the need 
for rational and achievable design criteria and 
for methods of accurately predicting future 
performance are becoming clearer with time 

and experience. Conferences such as this will 
assist greatly in moving toward the culmination 
described above. 

8. REFERENCES 

Gardner, W. R. (1958). "Some steady state 
solutions of the unsaturated moisture flow 
equation with application to evaporation 
from a water table." Soil Science, 85(4), 
223-232. 

Gay, Derek A. (1993). Development of a 
Predictive Model for Pavement Roughness 
on Expansive Clay. Ph.D. dissertation, 
Texas A&M University, College Station, 
TX. 

. Good, Robert J. (1977), "Surface Free Energy 
of Solids and Liquids: Thermodynamics, 
Molecular Forces, and Structure," Journal 
of Colloid and Interface Science, Vol. 59, 
No.3, May, pp.398-419. 

Good, Robert J. and Van Oss, Carel J. (1991), 
"The Modem Theory of Contact Angles and 
the Hydrogen Bond Components of Surface 
Energies," Modem Approach to Wettability: 
Theory and Applications, M.E. Schrader and 
G. Loeb, Eds., Plenum Press, New York. 

Juarez-Badillo, E. (1996). Personal 
Communication. 

Lamborn, Mark 1. (1986). "A 
Micromechanical Approach to Modeling 
Partly Saturated Soils," Unpublished 
Maters thesis, Texas A&M University, 
College Station, TX, 272p. 

Love, A. E. H. (1927). A Treatise on the 
Mathematical Theory of Elasticity. Dover. 
New York (paper. First American Printing, 
1944). 

Lytton, R.L. (1992). "The Use of Mechanics in 
Expansive Soils Engineering". Proceedings, 

7th International Conference on Expansive 
Soils, Dallas, Vol. 2. 



Lytton, R.L., (1994). "Prediction of Movement 
in Expansive Clays." Vertical and 
Horizontal Defonnation of Foundations and 
Embankments, Geotechnical Special 
Publication No. 40, Yeung, A.T., and Felio, 

G.Y., ed., ASCE, New York, Vol. 2, 1827-
1845.] 

Lytton, R.L. ( 1995). "Foundations and 
Pavements on Unsaturated Soils," 

Proceedings, 1 st International Conference on 
Unsaturated Soils, E.E. Alonso and P. 
Delage, eds., Vol. 3, pp. 1201-1220. 

McKeen, R. G. (1981). "Design of airport 
pavements on expansive soils," Report No. 
DOTIFAA-RD-Bl-25, Federal Aviation 
Administration, Washington, D.C. 

Mitchell, P .W. (1980). "The structural analysis 
of footing on expansive soil," Research 

Report No.1, 2nd Edition, K.W.G. Smith 
and Associates. 

Design and Construction of Post-Tensioned 
Slabs-on-Ground, (1980, !996) Post
Tensioning Institute, Phoenix, Arizona. 
First Edition, 1980: Second Edition, 1996. 

Russam, K. And J. Coleman (1961). The 
Effect of Climatic Factors on Subgrade 
Moisture Conditions. Geotechnique, Vol. II, 
No.1, pp. 22-28. 

Schapery, 
Methods 

R.A., (1962). 
of Transfonn 

"Approximate 
Inversion for 

Viscoelastic Stress Analysis," Proceedings, 

4th U.S. National Congress on Applied 
Mechanics, AS ME, p. 1075. 

Schapery, R.A., (1965). "A Method of 
Viscoelastic Stress Analysis Using Elastic 
Solutions." Journal, Franklin Institute, Vol. 
279, No.4, pp. 268-289. 

Terzaghi, K. (1963). Theoretical Soil 
Mechanics. Wiley. New York (Tenth 
Printing, January, 1962). 

Thomthwaite, C.W. (1948). "Rational 
classification of climate." Geographical 
Review, 38(1), 55-94. 





Estimating Soil Swelling Behavior 
Using Soil Classification Properties 

Andrew P. Covar\ M. ASCE and Robert L. Lytton2
, F. ASCE 

Abstract 

There exists a need for a method of estimating soil swelling behavior for the design 
and practitioner community. Desirable method attributes include; low cost, 
reasonable accuracy and technical soundness. The method should be usable for a 
wide range of soil types. Practitioners should be able to use local soils testing 
services to get the data required by the method. The NRCS Soil Survey Laboratory 
(SSL) soils database is a large, quality controlled resource that provides the data for 
the development of such a method. The presented method allows for the estimation 
of the suction compression index using Atterberg limits, particle size classification, 
and the coefficient of linear extensibility (COLE) values as contained in the SSL 
database. Using a 6500 sample subset of the SSL database, a series of charts are 
presented yielding suction compression index values for various mineralogically 
based groups. The proposed method provides quick and stable prediction of an 
important soil property using low cost and commonly available soil test procedures. 

Introduction 

There exists a need for a method that provides geotechnical practitioners with an 
estimate of soil swell characteristics as a part of the design process for building slab 
and mat foundations, piers and other support structures. Desirable attributes of such 
a methods include; low cost, straightforward to use, technically supportable, and 
reasonably accurate. In addition the method should provide results for a broad 
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geographical coverage and provide answers using analyses within the capability of 
most conventional geotechnical laboratories. 

Presented herein are the results of an examination of the use of Atterberg 
limits, particle size information, and cation exchange activity to produce such a 
predictive method. 

Earlier Predictive Methods 

The use of Atterberg limits as predictors of soil behavior has been common since 
their development. The Testing is relatively inexpensive, re-producible, and fast 
compared to many other tests. Given this long history, there is wide geographic 
coverage for test results. 

Holtz and Gibbs (1956) developed a soil swell classification shown in 
Table 1 using index tests. Pearring (1963) used cation exchange capacity, CEC, and 
plasticity as two parameters to classify soils as to a predominant mineral type. 
Pearring normalized these two parameters based on the percent fine clay content. 
This normalization yielded two new parameters, the activity ratio (Ac) and the 
cation exchange activity (CEAc) as follows; 

Ac= PI% 
( % - 2micron) x100 

(% - No.200 sieve) 

CEC millieq. 

CEAc = 100gm of dry soil 
(% - 2micron) x 100 

(% - No.200sieve) 

Figure 1 illustrates the classification developed by Pearring (1963). 
Seed et. al. (1962) developed a chart based on Ac and the percent clay 

fraction. The chart is shown as Fig. 2. Snethen et al. (1977) re-evaluated criteria for 
predicting soil swell and found that the soils liquid limit, plasticity index and soil 
suction at natural moisture content were the best indicators of potential swell. The 
resulting classification system is shown in Table 2. Lytton (1977, 1994) presented 
an expression relating the volumetric change in a soil sample due to changes in 
water potential. The relationship includes both water potential and stress terms as 
follows; 

where; 
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hi, hf are initial and final water potential, 
i, f are nonnal stress tenns, and 

a h and a are the matric suction compression index and the mean principal 
stress compression index respectively. 

McKeen (1981) used a mineralogical classification similar to that of 
Pearring (1963), defining regions charted against Ac and CEAc axes. For each of 
the identified zones, a value for the corresponding suction compression index is 
given after being adjusted to a 100% fine clay fraction. The actual suction 
compression index for the soil portion finer than the No. 200 sieve is proportional 
to the 100% fine clay index by the following equation; 

[ 
% - 2 micron 1 

Yh = YlOO . 
% - No.200 SIeve 

The COLE test represents the fractional change in a clod sample resulting 
from changes in moisture content. The classification chart, including predicted 
COLE values, is shown in Fig. 3. Hamberg (1985) updated the classification chart 
and included an adjustment for clay percentage as shown in Fig. 4. The approach 
continued to be refined in Nelson and Miller (1992) that produced a more simple 
general classification scheme using CEAc and Ac axes as shown in Fig. 5. 

The NRCS Database 

The United States Department of Agriculture, Natural Resources Conservation 
Service has created a national database of soil samples and test results. At the 
present time there are data for more than 25,000 soil pedons from all 50 states, 
other U.S. territories and several foreign countries. The stated objective of the 
program is to obtain representative samples of soils throughout the United States 
and its territories to provide a consistent analytical view of these soils chemical, 
mineralogical, and physical characteristics. Each soil sample was collected by 
experienced soil scientists at each horizon for future analyses. Different methods of 
sampling were used depending on the specific tests to be used. Clod samples were 
collected at each horizon for COLE detenninations, for example. 

Data from these analyses are compiled by the Soil Survey Laboratory (SSL) 
of the National Soil Survey Center. Most of the data in the present database were 
obtained over the last 40 years with approximately 75% of the data being obtained 
in the last 25 years. The SSL database may be accessed online at 
http://www.statlab.iastate.edu/soils/ssl. The database is also available on CD-ROM 
from the SSL. The CD-ROM version is in the fonn of a relational database 
approximately 200 MB in size containing the results of analyses on approximately 
130,000 soil samples. 
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Data Analysis 

The SSL database as selected as the basis for a re-examination of soil swell 
behavior as it is affected by certain index properties. SSL database features that 

Table 1. Expansive Soil Classification from Holtz and Gibbs (1956) 

Colloid 
Content Probable 

(% minus Plasticity Shrinkage Expansion Degree of 
.0001 mm) Index Limit (%Vol) Expansion 

>28 >35 <11 >30 Very high 
20-31 25-41 7-12 20-30 High 
13-23 15-28 10-16 10-20 Medium 
<15 <18 >15 <10 Low 

Table 2. Expansive Soil Classification based on Atterberg Limits from Snethen 
et al. (1977) 

Natural Soil Potential Potential Swell 
LL(%) PI (%) Suction Swell % Classification 

>60 >35 >4 >1.5 High 
50-60 25-35 1.5-4 0.5-1.5 Marginal 
<50 <25 <1.5 <0.5 Low 

were important include; wide geographic coverage, the quantity of analyses 
available and extensive quality control in sampling, analysis and reporting. For this 
study, the SSL database was filtered to retain only those records that contained 
non-null results for the following tests; 

Liquid limit 
Plasticity index 
Plastic limit 

Coefficient of linear extensibility 
% passing 2 micron 
% passing No. 200 sieve 

Cation exchange capacity 

This data filtering produced a subset of the data containing approximately 
6400 records. These data are shown in Fig. 6. The figure illustrates the broad 
distribution of the data. Next, the data records were partitioned according to Fig. 7 
based on Casagrande (1948) and the Holtz and Kovacs (1981) mineral 
classification chart. 

This partitioning step resulted in eight separate data groups, each 
representing a group with some mineralogical similarity. For each record a matric 
suction index was calculated according to the following expressions, 

= (y(swellingcase) + y(shrinkingcase )) 
Yh 2 
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· [(COLE)3 1 y(swellmgcase) = 100 + 1 -1 

y(shrinkingcase) = 1- 1 3 

(
COLE +1) 

100 

The calculated (average) suction compression index was then adjusted to a 
100% fine clay content. 

Data for each of the eight separate mineralogical groups was then plotted as 
contoured surfaces on Ac-LLI%fine clay axes as shown in Fig. 8 through 15. These 
contoured data were created using a kriging algorithm per Cressie (1990). No 
explicit smoothing interpolation was used in creating the plotted surfaces. Table 3 
provides summary statistics for each of the eight data groups. More simple versions 
of these surfaces have been prepared for Groups I though IV, TBPE (2000) and are 
shown as Fig. 16a to 16d. 

Conclusions 

The SSL database provides a rich source of analytical data for researchers and 
practitioners alike. The dataset may well be one of the largest available for the 
examination of wide ranging soil characteristics. 

The method developed herein represents a refinement of earlier methods. 
The method builds on these earlier methods in that it is consistent in the use of low 
cost and easily available testing methods (Atterberg limits and soil particle size 
distributions) to predict soils properties and behavior. The method is stable in the 
sense that each mineralogical zone or group is explicitly defined, thus no arbitrary 
distinctions can affect the results. Within each group, the practitioner needs only 
the liquid limit, plasticity index and the fine clay fraction (%) to get an estimate of 
the suction compression index. The suction compression index can then be 
explicitly to calculate shrink and swell behavior using previously published 
methods as Lytton (1977, 1994). Small changes in soil index properties result in 
small changes in the derived suction compression index within each 
mineralogically based group. The proposed method, therefore, provides quick and 
stable prediction of an important soil property using low cost and commonly 
available soil test procedures. 
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Table 3. Summary Statistics for Suction Compression Indices; Minimum, 
Maximum and Percentile Values 

Zone 1 2 3 4 5 6 7 8 
minimum 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 
25% 0.05 0.04 0.03 0.03 0.03 0.02 0.04 0.03 
50% 0.09 0.08 0.07 0.06 0.05 0.05 0.08 0.07 
75% 0.14 0.12 0.12 0.10 0.09 0.07 0.14 0.14 
95% 0.21 0.20 0.20 0.20 0.19 0.17 0.32 0.31 
maximum 0.44 0.46 0.48 0.44 0.48 0.48 0.49 0.47 
No. of 
Data Pts. 523 1328 2534 991 266 166 266 302 
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FOUNDATIONS AND PAVEMENTS ON UNSATURATED SOILS 

Robert L. Lytton, Ph.D., P.E., F. ASCE 

Texas A&M University, College Station, Texas, U.S.A. 

ABSTRACT: This paper defines briefly the functions of both foundations and pavements and 
states the measures of their performance that are affected by the properties of unsaturated soils. 
The paper then notes eight areas in which further development is needed to improve the analysis, 
design and performance of both foundations and pavements. Six examples of these developments 
are given in the areas of theory and constitutive equations. Several new concepts from 
thermodynamics, micro mechanics, and other principles are illustrated as they apply to shear 
strength, volume change, lateral pressure, suction, and plasticity. In addition, future needed 
developments in testing methods and analysis methods used in design are described. 



1.1. INTRODUCTION 

This paper will present some reflections on 
what has been achieved in the engineering of 
foundations and pavements on unsaturated soils and 
suggest some of the directions that may be taken in . 
the future. ' 

Foundations are used for residential, 
commercial and industrial, public infrastructure, 
and high rise construction types of foundations 
include slab-on-ground, drilled pier and structural 
slab, retaining walls, canal linings, pipelines, 
landfill linings and caps, and earth structures such 
as dams and cut and fill slopes. Pavements are used 
for highways, roads, airports, and guideways. 
Types of pavements include Portland cement 
concrete, asphalt concrete, aggregate surfaced, and 
unpaved surfaces. 

Each of these, foundations and pavements, 
are judged to have been designed and built 
successfully if they perform their intended function 
reliably and economically over their life cycle. 
Measures of performance differ between foundation 
types and pavement types. Regardless of the 
measure, a foundation or pavement must be 
designed taking into account the effect of the soil 
on which it rests. Table 1 indicates the measures of 
performance that are affected by unsaturated soils 
beneath the different types of foundation. These 
foundations require reasonably accurate predictions 
of the expected movements, pressures, and flows of 
the unsaturated soils to be made in order for the 
foundations to be designed successfully. 

The same play be said of pavements on 
unsaturated soils. Table 2 shows the measures of 
the performance of pavements that are affected 
directly by their supporting unsaturated soils. 
Example of amplitude spectra are shown in Figures 
1 through 4 (Velasco and Lytton, 1981). Figure 1 
shows an amplitude versus frequency plot taken 
from a measured right wheel path profile. Figure 2 
shows an amplitude versus frequency spectrum 
derived from a Fast Fourier Transform of the same 
measured profile. Figure 3 shows a collection of 
spectra from a number of pavements which range 

from rough to smooth. In this figure, the 
amplitude is plotted against the wave length, 
which is the reciprocal oftheJrequency. Figure 
4 shows a typical probability density function of 
right and left wheel path wavelengths. These 
four figures are typical soil mass properties of 
expansive soils. " 

Table 1: Measures of Foundation 
Performance Affected by Unsaturated Soil. 

FOUNDATION TYPE MEASURES OF PERFORMANCE 

Slab - on - Ground Differential Movement 
Drilled Pier Total Movement 

-Heave, shrinkage 
-Collapse 

Retaining Wall Lateral Pressure 
-Movement 
• creep 

Canal Linings Differential Movement 

Pipeline Differential Movement 

Landfill Liners and Caps Fracture 
Leakage of Leachate 
Moisture Balance 

Earth Structures Slope Failure 
Shallow Slope Failure 
Downhill Creep 

Table 2: Measures of Pavement Performance 
Afii tdb U tu tdSils ec e )y nsa rae 0 

PAVEMENT USES MEASURES OF 
PERFORMANCE 

Airport Amplitude Spectrum 
Acceleration 
Distress 

Highway, Road, Amplitude Spectrum 
Guideway International Roughness Index 

BwnpHeight 
Distress 

The important types ofunsanirated soils 
for foundations are those which are volu
metrically active and those which are stress
responsive. The categories are not exclusive of 
one another. Volumetrically active soils include 
expansive soils, collapsing soils, frozen soils 
and cemented soils. Stress-responsive soils are 
both fine and coarse grained. Important types of 
unsaturated soils in pavements include the 
volumetrically active and load-responsive soils 
in the subgrade and base courses, and asphaltic 



concrete and Portland cement concrete in the 
surface courses. The latter two may be surprise 
additions to the list of unsaturated soils. However, 
asphalt concrete differs from unsaturated coarse 
grained soils only in the fluid which binds the 
particles together. Both fluids, asphalt and water, 
are normally in a state of tension in the unsaturated 
state. Portland cement concrete has particles 
cemented together but also has water 
in tension in its normal state. 

All of this means that well-designed 
foundations and pavements require a knowledge of 
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Figure 1: Amplitude versus Frequency Spe~!mm 
of a Pavement on Expansive Soil. 

- the properties of ~aturated soils. Soil properties 
come in two sizes: test sample size and soil mass 
size. Properties measured on a test sample are the 
mechanical properties of the soil. Properties of a 
soil mass include the variability of these properties 
and spectra of various characteristics of the soil 
mass such as cmck spacing, wave length, roughness 
amplitude, and so on. 

Mechanical properties of unsaturated soils 
include the stress-strain, plasticity, water and vapor 
conductivity, fracture, interface, and special 

properties. Among the stress-strain properties of 
unsaturated soil~ are 

volume response 
deviatoric response 
large and small strain properties 
resilient dilatancy and 
work potential. 

Plasticity 'properties include 
limiting equilibrium 
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tensile, compressive, and shear strength 
yield function, and 
plastic potential for non-associative 
permanent dilatancy. 
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Water and vapor' conductivity occurs on 
different scales. Fluids flow in soils in 

macrocracks (largely by gravity) 
microcracks (along suction gradients) 
intact soil. 

The hydraulic conductivity gets 
. progressively smaller as the flow passes from 

macro cracks to microcracks to the intact soil. 
Solutes in the fluid (usually water) can greatly 
increase the conductivity. 
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Fracture properties of unsaturated soils 
have not been used much in the past but will 
probably see much more use in the future. 
These include the tensile and shear compliances 
and the surface energies of the water and soil 
particle surfaces. 

Interfaces between air and soil, soil and 
water, and soil and structure all have 
transmission and interaction properties. The air
soil interface has a coefficient of vapor transfer 
which according to Wilson, Barbour, and 
Fredlund (1995) is 1.0 for ranges of soil suction 
up to 1000 kPa (PF = 4) and reduces below that 
at higher suction levels. The soil-water interface 
is where erosion occurs and fluid shear transfer 
must be known. The soil-structure interface 
requires a knowledge of interface shear 
characteristics. 

Special properties of unsaturated soils 
are the Poisson's ratio and lateral earth pressure 
coefficients. Poisson's ratio of expansive and 
collapsing soils are of interest for lateral earth 
pressure estimates. Poisson's ratios of granular 
stress-responsive soils well greater than 0.5 are 
common and explain the build-up of confining 
pressures in such soils under load. Lateral earth 
pressures at rest are different for volumetrically 
inert than for active soils such as swelling, 
shrinking, and collapsing soils. Adequate 
design· of all retaining structures and drilled 
piers in active soils requires an accurate estimate 
of the range of lateral pressures both under 
shrinking and swelling conditions. 

Other special properties include the 
interaction of an unsaturated soil with its 
environment, i.e., with the weather, water tables, 
vegetation, solutes and other osmotic effects, 
and cementation. 

Examples of properties of unsaturated 
soil masses have been given above, including 
variability and various spectra. The hydraulic 
conductivity of a soil mass, both in itS natural 
state and as it is compacted, depends upon the 
relative distribution the sizes of connected voids 



in the soils mass in the. macrocrack, micro crack, 
and intact soil size ranges. The opening of these 
cracks has a directly bearing on lateral earth 
pressure as well. As a general rule, the 
macrocracks can be considered to be closed when 
the soil suction around the crack is lower than the 
suction level at depth. The suction level at depth is 
controlled either by a high water table or the 
climatic moisture balance between rainfall and 

. evapotranspiration. 

-
Thi.s is a summary of where we are now in 

using the mechanics of unsaturated soils in the 
analysis and design of foundations and pavements. 
There are obvious needs for future developments in 
eight areas. 

1. Further development of theory: the 
continuum theory of mixtures and in 
micromechanics. 

2. Development of constitutive equations 
for all mechanical materials properties of 
unsaturated soils. 

3. Development of test methods for 
determining these material properties 
both at research and production testing 
levels. 

4. Computational methods for analyzing 
foundations and pavements need to be 
developed in the areas of coupled flow of 
water, vapor, and heat, elasticity, 
plasticity, fracture, and interactions at 
interfaces. 

5. Analysis methods for use in design need 
to be developed, and a particular need is 
to estimate envelope values of design 
quantities. 

6. Design methods for foundation elements 
and pavements need to be developed 
incorporating the properties of the 
supporting unsaturated soils and using 
the prediction of performance measures 
as a basis for design. 

7. Use of a reliability approach in the 
design of foundations and pavements 
taking into account the variability of 
material properties, geometry, and 

loading, . and using a rationally 
selected level of reliability. 

8. Comprehensive use of nondestructive 
testing methods in site investigation, 
construction quality assurance and 
quality control, and field performance 
monitoring. 

With the rapid improvements in computers 
and instrumentation that are currently under 
way, the greatest practical barriers are being· 
overcome to the realization of these 
developments in the near future. 

There are no specifics in the list of eight 
needs for future development. Some specific 
examples of these needed developments are 
presented here in the areas of theory, 
constitutive equations, testing methods, and 
analysis methods used in design. 

1.2. Example Development No.1. Theory 

The stress that is generated on the 
unsaturated soil mineral skeleton due to tension 
in the pore water has been determined by use of 
reversible thermodynamics principles by 
Lamborn (1986): 

where 
Fw 

(Ejj)w 
e 
(Jjj 

= 

= 

= 

= 

(1) 

the Helmholtz free energy in the 
water 
the strain in the water 
volumetric water content 
stress on the soil mineral 
skeleton due to the water. 

The formulation was made for "moist" soil 
that is substantially drier than the saturated 
condition. This is the soil moisture condition in 
which the air in the soil is continuous open 
channels. In terms that are somewhat more 
familiar, 



a = -6 h w m (2) 

where Ow = the stress on the soil mineral 
skeleton due to the water 

6 = the volumetric water content 
11m = the matric suction, a negative 

number, corresponding to tensile 
stress in the pore water. The 
symbol llw is also used to denote 
this matric suction. 

The first fact to note is that matric suction is 
a derivative of the Helmholtz free energy of the 
water with respect to the strain in the water. The 
second notable fact is that this formulation has 
applications in estimating the shear strength of the 
soil. The theoretical relation between shear 
strength, mechanical stress, matric suction, and 
their respective friction angles is given .by 
Fredlund, et. al. (1978) as 

s= c' + (0 - ua)tan~' + (ua - uw)tan~b (3) 

When air. pressure is different from atmospheric, 
the term (lla -llw) represents the combined effect of 
the air pressure and the matric suction applied to 
the soil mineral skeleton. 

Using Lamborn's formulation for moist soils this 
becomes 

(4) 

since 

(5) 

Empirical confirmation of this relation is 
found in the data of Lam (1980) and Peterson 
(1992). Lam's measurements were made on 
decomposed rhyolite and Peterson's measurements 
were made on the Vicksburg Buckshot clay. A 
graph of the measured strength due to su~tion 
versus the product of volumetric water content, e, 
and matric suction, 11m, in Figure 5 shows that if 
anything, the product 111m e I overestimates the 
strength of the soil. 

As the soil becomes saturated and air 
exists in the soil only in the form of occluded 
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bubbles, the tangent of the friction angle due to 
mechanical stress is the same as the friction 
angle due to matric suction. 

tan<J>b ::: 1.0tan<J>' (6) 

The change of multiplying factor of these 
friction angles from 1.0 for wet soils with 
occluded bubbles to e for moist soils with 
continuous open air channels undergoes a 
transition as illustrated schematically in Figure 
6. 

The transition zone occurs between the air 
entry point suction value and the unsaturation 
point suction value. The air entry point is where 
open air channels begin to appear in the soil. 
These channels begin to open with the larger 
pore spaces and then, as the suction level 
increases, the open air channels extend into the 
smaller pore spaces. A measure of the volume 
of pore spaces that is evacuated between the air 



entry suction and the unsaturated suction levels is 
given in Equation (7). 

e - e = rO" de = r h
"", ( ae ) dh (7) 

a u Jo Jh ah m 
II mu m 

= the volumetric water content of the 
soil at air entry and unsaturation, 
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Figure 6: Transition of Friction Angle due to 
Matric Suction from the Saturated to Unsaturated 
State. 

respectively 
~ , ~u = the matric suction values at air 

entry and unsaturation, 
respectively 

(a e) = the slope of the matric suction
ahm 

volumetric water content 
characteristic curve for the soil 

According to micromechanics theory 
(Modem Composite Materials, 1967), the upper 
and lower 

bounds of the stress on the soil mineral skeleton 
due to water at a suction level, ~, is given by 
the expressions 

0", = -h 0 [( 0" - ° 1 +1.( 0 - 0" II (8) 
m 0" - 0" 0 0" - 0" 

and 

1 
(9) 

( 
0-0 1 +0 ---" . o -0 
'" " 

The three differences in volumetric water 
content in Equations (8) and (9) may be found 
using the slope of the suction - vs. - volumetric 
water content characteristic curve: 

(6. - 6.) = f:: ( ::J dh. (10) 

as in Equation (7), and the other two differences 
are 

(6. - 6) = f.~ ( ::J dh. (11) 

(6 - 6.) = (( ::J dh. (12) 

The expression for the suction-related 
friction angle, tan <pb, is bounded by the product 
of etan<l>' and the two functions in brackets in 
Equation (8) and (9). There are several 
observations that may be made of this result: 

1. Lamborn's theory constitutes a lower 
bound solution for the entire range of 
water content. 

2. In the transition zone, the stress on the 
mineral skeleton due to the water is equal 
to the matric suction multiplied by a 



number between e and 1, and more 
specifically in the transition zone, is bounded 
by l11me I multiplied by the two functions in 
brackets in Equations (8) and (9). 

3. The suction-related friction angle tan<l>b' is 
equal to tan<l>' mUltiplied by a number 
between e and 1, and more specifically in the 
transition zone, is bounded by etan<l>'· 
multiplied by the two functions in brackets in 
Equations (8) and (9). 

4. The functions in brackets will be the same at 
a giv~nvolumetric water content regardless 
of whether the soil is wetting or drying. The 
value of matric suction, 11m, corresponding to 
that volumetric water content will be smaller 
during wetting than during drying and 
because of this, the soil is weaker on wetting 
at the same water content. 

5. In estimating the strength of soil in the field, 
accurate measurement of the volumetric water 
content, e, either with nuclear moisture or 
ground penetrating radar equipment will lead 
to a lower bound estimate using Lamborn's 
theory and, in the transition zone, to an 
accurately bounded estimate using the 
bracketed functions in Equations (8) and (9). 

More recent developments in micromechanics 
such as the "method of cells" (Aboudi, 1991) are 
capable of providing the exact relation between 
tan<l>b and tan<l>', instead of upper and lower bounds. 

1bis is an example of how the development of 
theory in unsaturated soil can provide practical 
benefits to the areas of foundations and pavements. 

1.3. Example Development No.2. Constitutive 
Equations 

This example development makes use of the 
previous one and adds another in developing the 
constitutive equation for both the resilient modulus 
and the Poisson's Ratio of an unsaturated soil. The 
original development is based upon empirical 
observations of a dry granular soil (Uzan, 1985) 
that the resilient modulus is given by the power law 
form: 

where 
1\ 

'tact 

Pa 

kl , k2, k3 

= 

= 

= 

= 

the sum of all principal 
mechanical stresses 
the octahedral shear stress 
atmospheric pressure in the 
same units as the resilient 
modulus 
material properties of the dry 
granular soil. 

When water is added to a soil to make it an 
unsaturated soil, the effect of suction is added to 
the above formulation to give: 

[
II - 36fhml~ [ 'toctl~ E = k p -

I a P
a 

P
a 

(14) 

where 
e 11m = the lower bound term from 

Lamborn's theory 
f = the function of volumetric water 

content presented in the 
previous example development 

The value of f is 1 at all water contents 
greater than e~ is equal to e at all water contents 
less than eu; and is bounded by the bracketed 
terms in Equations (8) and (9) in the transition 
zone between saturated and unsaturated 
behavior. The volume change of this soil is 
governed by an elastic work potential when it is 
loaded and unloaded. For the properties k\, ~, 
and k3 to be stress path independent, the 
following integral must be equal to zero when 
the integral is taken around a closed stress path 
(Lade and Nelson, 1987). 

f ( IldII + dJ2 ) = 0 
9K 2G 

where 
K 
G 

= the bulk modulus 
= the shear modulus 

(15) 



= The first invariant of the stress 
tensor which is equal to the sum of 
the principal stresses 

= the second invariant of the 
deviatoric stress tensor which is 
related to the octahedral shear 
stress 

Expressing the bulk modulus, K, and shear 
modulus, G, in terms of the Young's modulus, E, 
and Poiss<?n's ratio, v, and substituting these into 
the elastic work potential equation produces the 
following differential equation: 

_I +v a(fnE) +.!.(~) + 1-2v a(fnE) +~~ =0 
I) aI) I) aI) 3 aJ2 3 aJ2 

(16) 

Taking the natural logarithm of Equation (13) 
and substituting the result into Equation . (16) 
produces the following partial differential equation 
for the Poisson's ratio (Lytton, Uzan, et. al., 1993): 

~(~) +.!. = v [~ ~ + ~l + [- .!. ~ + ~l(17) 
3 aJ2 I) 3 2J2 I: 3 2J2 I: 

when the soil is unsaturated and suction is present 
in the soil, the term II in Equation (17) must be 
replaced by the term, Ilu, as in Equation (18): 

(18) 

The solution of the partial differential 
equation in Equation (17) for the Poisson's ratio is 
given by Zachmanoglou and Thoe (1976) as 

. ' 36 

= "k4(u1)ks + -"- [-~B,,(~,-o) + ~B (~,-o· 
2(u,)~ ". 

(19) 
where 

u, = I21u - 3J2 

a = 
"l YzkJ 

flu J2 

= 

= 

Bv (,) = the incomplete Beta function 
k4' ks = two additional constants that are 

required to meet the loading and 
unloading initial and final 
conditions. 

An example of how well this predicted 
value of the Poisson's ratio fits the observed 
data is shown in Figure 7 
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Figure 7: Measured versus Predicted Poisson's 
Ratio for Granular Materials. 

Typical values of k I' k2' and ~ for a 
variety of base course and subgrade materials 
commonly used in Texas are given in Tables 3, 
4, and 5(fitus - Glover, 1995). The values ofk" 
k 2' and k3 differ between the dry of optimum, 
optimum, and wet of optimum cases because the 
composition of the soil (density and water 
content) are different in each case. In principle, 
there is no need to determine values ofk4 and 



k s if the partial differential equation in Equation 
(17) is solved incrementally by numerical methods. 

As seen in Figure 7, the value of Poisson's 
ratio rises well above 0.5, indicating an increase in 
volume under certain stress. conditions such ~ high 
shearing stresses combined with low sums of 
principal stresses. When the same unsaturated soil 
is confined, it builds up large additional confining 
pressures and becomes much stiffer under load. It 
is this ability which· explains how base courses 
never expep.ence tensile stresses while carrying 

Table 3: Resilient Modulus (Dry of 0 [ltimum) 

MATERIAL k\ k2 k3 

Limestone 1500 0.90 -0.33 
Iron Ore Gravel 2820 0.60 0.00 
Sandy Gravel 11,300 0.63 -0.10 
Caliche 1,440 1.18 0.00 
Shell 830 1.10 0.00 
Sand 3,120 0.44 0.00 
Silt 820 1.20 -0.11 
CLClay 4,100 0.00 -0.27 
CHClay 200 0.66 -1.47 

Table 4: Resilient Modulus Optimum) 

MATERIAL k\ k2 k3 

Limestone 1,660 0.90 -0.33 
Iron Ore Gravel 1,270 0.49 0.00 
Sandy Gravel 1,570 0.67 -0.28 
Caliche 890 0.83 -0.01 
Shell 820 0.60 0.00 
Sand 6,430 0.51 0.00 
Silt 1,170 0.52 -0.20 
CLClay 110 0.32 -0.10 
CHClay 260 1.25 -0.50 

heavy loads. This "resilient dilatancy" of the base 
course material is what allows that material to 
develop its own added strength and stiffness to 
resist the effects of the load. 

Table 5: Resilient Modulus (Wet of 
Optimum) 

MATERIAL k\ k2 k3 

Limestone 3,850 0.43 -0.02 
Iron Ore Gravel 210 0.56 . 0.00 
Caliche 480 0.19 0.00 
Shell 750 0.78 0.00 
Sand 6,320 0.40 -0.03 
Silt 1,000 0.50 -0.10 
CLClay 780 0.10 -0.55 
CHClay 440 0.66 . -0.17 

It is the same "resilient dilatancy" that 
explains most of the resistance of asphalt 
concrete at high temperatures to plastic 
defonnation or rutting. This is an unusual 
example of an unsaturated soil in which the fluid 
is asphalt and not water, but the principle is the 
same. At high temperatures above 45°C, the 
asphalt exerts little restraint on the aggregates of 
the mix. This means that unless the aggregates 
are well graded enough to d~velop sufficient 
"resilient dilatancy" they will not successfully 
resist pennanent lateral shearing displacement. 
This is why gradation is so important in asphalt 
mix design, and for that matter, in the 
specifications for base course aggregates. It is 
also why detennining the coefficients k b k 2, 
and k3 and the function, f, are a key to the sound 
practical use of unsaturated soils. 

1.4. Example Development No.3 Constitutive 
Equations 

This third example is an illustration of how 
a constitutive equation for the volume change of 
expansive soil (or any soil which undergoes 
large strains or displacements may be 
construct<Xl using the methods of Juarez-Badillo, 
whose work deserves much more attention that 
it has received in the past(Juarez-Badillo, 1983, 
1985, 1986, 1987+). 



Juarez-Badillo first detennines the natural 
limits of any process (mean principal stress, 
suction, and volume, in this case). This is 
illustrated in Figure 8a. Under conditions of zero 
mechanical pressure and suction, the soil reaches its 
maximum volume, Vo. Under conditions of zero 
suction and infinite mechanical mean principal 
stress, the soil volume compresses to the volume of 
the solids alone, V S" Under conditions of zero mean 
principal stress and infinite suction, the soil volume 
compresses to the dry volume, V d, in which the dry 

LIMITING VOLUMES 

Vo (wet) -..:-------------

Vd(dry) --------------

Vs (solid) ----.---. . 
Pressure = Max. 

Suction = 0 
(Compressed) 

o 
o 

----i-Air ---
• • 

o 
Max. 
(Dry) 

Figure 8a: Natural Limits of the Volume Change 
Process in Unsaturated Soils. 

soil contains a volume of air-filled voids. Plotting 
volume, mean principal stress and suction along 
independent axes shows how this surface appears 
over the full range of the three variables. This is 
shown in Figure 8b. The method of Juarez-Badillo 
now operates upon this infonnation. ' 

At a zero mean principal stress level, the 
range of suction is between O. and 00, and the 
corresponding range of volume is between V 0 and 
V d. The Juarez-Badillo method establishes a 
function of volume that has the same limits as 
suction. The function is found to be 

f(V) = 1 1 
(20) 

The method now states that the rates of 
change of the two processes, change of suction and 
change of f (V), which have the same limits (I h I = 

0, f (Vo) = 0; Ihl = 00, f (V) = 00) must be 

Volume 

Figure 8b: The Volume - Mean Principal Stress -
Suction Surface. 

proportional to one another. The constant of 
proportionality is Y h· 

df(V) 
f(V)' 

(21) 

The use of the symbol y for this gas law 
constant is consistent with the use of the same 
symbol by Juarez-Badillo in all of his original 
work on large strains in consolidating clays (e.g. 
Juarez-Badillo, 1983, 1985). mtegrating the two 
expressions between the limits of(Vh' Ihl ) and 
(V I, I h I I) which are two generic points on the 
curve, leads to the expression for the volume of 
the soil at zero mean principal stress and varying 
suction levels: 

v, = 
h 

Va + a Va Ihl
Yh 

1 + a IhlYh 
(22) 

A similar process establishes the volume 
of the soil at a constant suction level. The 
volume changes between the limits V h (from 
Equation 22) and Vs at large stress levels. The 
equation is 

V = 

where 

Vh + b Vs (a - ai)Ya 

1 + b(a - at)Ya 
(23) 



0 = 

OJ = 

a,b = 

the level of mean principal stress, 
corresponding to the volume, V. 
the level of mean principal stress 
above which the soil volume 
begins to decrease 
constants to be determined from 
the measured volume - suction -

. mean principal stress surface 
Y h' Yo = gas law constants for volume 

change due to a change of suction 
and a change of mean principal 
stress, respectively. 

This formulation gives the large strain 
relation between volume, suction, and mean· 
principal stress. An approximate relation which 
applies to smaller areas on this surface comes from 
integrating the following differential equation 

dV dhm do d1t = -YhT -Y--Y- (24) 
V 0 0 1t1t 

m 

This produces the equation 

~ = (:: r ( ;. r ( ;, r (25) 

where 
V r, Vj 
hw,11mj 

Or, OJ 

= 

= 

= 

the final and initial volumes 
the final and initial matric suction 
values 
the final mean principal stress and 
the initial mean principal stress 
below which no volume change 
takes place 

1tr , 1t j = the ;final and initial osmotic suction 
values 

Yh' Yo, Y 1t = the gas law constants for volume 
change due to changes in matric 
suction, mean principal stress, and 
osmotic suction. The Y h and Y a 

constants are the same as in the 
large strain relation, Equation (23). 

A related approximate small strain 
formulation is given by taking the logarithm of both 
sides of Equation (25) to obtain the following: 

(26) 

This latter is applicable to volume changes 
in which small strains occur. Thus, Equations 
(23), (25), and (26) are related expressions of 
volume change in expansive soils, applicable to 
large, intermediate, and small strain conditions. 
All of these use the same gas law constants, y, 
as a consistent material property. A familiar 
engineering relation is found from the small 
strain formula applied to the pre-consolidated 
consolidation curve. 

(27) 

where 
Cs = the pre-consolidated swelling or 

compression index 
eo = the initial void ratio 

Juarez-Badillo's has applied his method 
successfully to the large strain consolidation of 
the Mexico City clays (Juarez-Badillo, 1986, 
1987+). In the process, he found that it was 
unnecessary to separate the consolidation· 
process into primary and secondary 
consolidation and tertiary creep. Instead, he 
found that . the entire compression curve 
represents a single process represented by the Y 
- constant. The parsing of consolidation into 
separate processes is, in fact, an artifact of the 
small strain assUmption. Thus, it is seen in this 
case that obtaining a more comprehensive 
relation actually simplifies the task of 
characterizing the materials properties of the 
soil. 

1.5. Example Development No.4 Constitutive 
Equations 

The analysis and design of retaining 
structures, basement walls, and other laterally 
loaded elements requires an estimate of lateral 
earth pressure, which in turn, requires an 
estimate of the Poisson's ratio. The lateral earth 



pressure coefficient for static, elastic, and small 
strain conditions is given by Fredlund and Rahardjo 
(1993) as 

(28) 

where 
~ the lateral earth pressure 

E 
coefficient 

= the YOWlg'S modulus of the 
Wlsaturated soil due to"a change of 
mechanical stress 

H = the YOWlg'S modulus of the" 
unsaturated soil due to a change of 
suction 

~ = the matric suction which remains 
unchanged (a negative value) 

ay = the static vertical mechanical stress 
(a positive value) 

The lateral earth pressure when the suction 
changes from an initial to a final condition and the 
material properties of the soil are sensitive to 
changes in mechanical stress and suction would be 
expected to require some interaction between the 
initial and final states of stress in the soil. 
Assuming the intermediate volumetric strain 
formulation as in Equation (25), and also assuming 
that deviatoric strains follow a hyperbolic stress
strain rule, the Poisson's ratio is 

where 

G 

and 

m 
- + a 
Yo 

v = (29) 

m 

2~-a 
Yo 

(30) 

= the final lateral earth pressure 
coefficient 

= the shear modulus of the 
Wlsaturated soil 

a = 

'tuf 

(31) 
= the asymptote value of shear 

stress which is approached by 
the hyperbolic shear stress -
shear strain curve. The value of 

"" "'tuf is estimated by 

'tuf = [a" (1 + 2KoA - hmf6f /] tan $' 

(32) 

where 

~f 

f 

= the final matric suction value (a 
negative value) 

= the final volumetric water 
content 

= the shear strength function 
which is bounded by the 
bracketed terms in Equation (8) " 
and (9) 

All of the equations given above for the 
Poisson's ratio involve a knowledge of the final 
value of the lateral earth pressure coefficient. 
This shows that both the Poisson's ratio and the 
lateral earth pressure coefficient must be found 
by a converging iterative process. 1bis is seen 
in the following expression for the final lateral 
earth pressure coefficient. 

where 

r = the ratio of Y h 

Yo 

(33) 

~i = the initial value of matric 
suction (a negative value) 

~i = the initial value of lateral earth 
pressure coefficient which may 



be estimated with the Fredlund and 
Rahardjo formula in Equation (28). 

It should be noted at this point that if the soil 
creeps under pressure, and all do, the ratio (EIH) 
will be the ratio of the long-term relaxation moduli 
of the unsaturated soil. This ratio will very likely 
be unlike the ratio of the relaxation moduli at short 
loading times. 

The lessons to be learned from Equations (29) 
through 03) are that the Poisson's ratio of 
unsaturated soil is stress - and - suction - sensitive; 
that it depends upon the gas law constant of volume 
change, Yo; and that it depends upon the initial and 
final values of the lateral earth coefficient, ~i and 
Kof' and upon the initial and final values of matric 
suction. All of this means that the lateral earth 
pressure of an active soil against a retaining 
structure can be found only by a convergent 
iterative procedure that correctly represents the 
interaction between the soil and the retaining 
structure as the soil attempts to expand under 
conditions of changing suction and confining 
pressures. The shear modulus which was used in 
Equation (30) to define the function, m, is also 
stress - and - suction - sensitive. In terms of the 
power law constitutive equation in Equation (14), 
the shear modulus is 

I - 3an. 1z I) 
1 . J"m 'toct 2 .!!!... -a klP a -"----"'-

Pa Pa Yo 
G (34) 

Equation (34) shows that the value of the 
shear modulus must also be found by a convergent 
iterative process. This implies the necessary use of 
non-linear numerical methods in analyzing and in 
determining the design values for retaining 
structures in volumetrically active soils. 

1.6. Example Development No.5 Constitutive 
Equation 

It is important at times to stand back from 
one's work and look at it from a different 

perspective. The view may provide insights that 
invite further progress. Such is the case with 
surface energies by which water, vapor, and soil 
particle surfaces are attached to one another. 
The subject of surface energies is being 
researched intensively -by sUtface chemists 
studying adhesive and cohesive bonding. An 
excellent summary of current thinking -in this 
subject has been published by Good and Van 
Oss (1991). The laboratory equipment that is 
used for the measurements is simple but very 
precise and is called the Wilhelmy Plate 
apparatus. The equation that is used to interpret 
the data is 190 years old, having been presented 
by Thomas Young in 1805. It is known as 
Young's Equation and is illustrated in Figure 9. 

Ysv - YSL = YLV cos8 (35) 
o 0 

where 

Ysvo = the surface energy between the 
solid surface and saturated 
vapor 

YSL = the surface energy between the 
solid and the liquid 

YLVo = the surface energy between the 
liquid and the saturated vapor 

e = the contact angle 

In a 1971 paper, Zisman (1971) noted that 

EXAMPLE: CONSTITUTIVE EQUATIONS 

Surface Energies YLVo 
~ ~ Vapor 

Li~ "fsvo 
CI ====~====~====~I~, 

Solid 
Helmholtz ---_----.... 

Free Energy "fLVo = (aF I a A LV
o

) T,fli 

"fSL = (aF/aAsdT,fli 

"fsvo = (ClF/aAsvo)T,fli 

Figure 9: Vector Diagram Illustrating Young's 
Equation 

these surface energies are in fact derived from 



the Helmholtz free energy of the solid-liquid-vapor 
system in thermodynamic equilibrium as follows. 

Y SL " U:.J (36) 
T.~ 

YSV 
0 

YLV _ 0 

where 

F = 

ASL = 

Asvo = 

ALvo = 

= ( a~~Yl.~ (37) 

= ( a~~Y1M 
, I 

(38) 

the Helmholtz free energy of the 
system 
the area of the solid-liquid 
interface 
the area of the solid-saturated 
vapor interface 
the area of the liquid-saturated 
vapor interface 

All of the partial derivatives are taken holding 
temperature and all chemical (osmotic) potentials 
constant. The surface energies are further broken 
down into components (Good and Van Oss, 1991). 

where 
y 

yLW 

yAB 

where 

Y = yLW + yAB (39) 

-

= 

= 

the surface energy of a liquid or a 
solid surface 
the apolar surface energy due to 
Lifshitz-van der Waals forces 
the· polar surface energy which is 
made up of Lewis acid-base 
interactions 

(40) 

yID = the Lewis acid component 
y9 = the Lewis base component 

Typical values of the components of surface 

energies are given in Table 6, for several sizes of 
river sand, limestone fines, and water 
(Elfingstone and Li, 1994-95). These values are 
tabulated here to call attention to the fact that 
there is a layer of scientific understanding of the 
attachment of water to soil surfaces that is one 
level 'more fundamental than the one used in 
unsaturated soil engineering. The free energy of 
adhesion of water to a solid surface is given by 

where 

Ys 

y, 

= the surface energy of the solid 
surface 

= the surface energy of the liquid 
surface. 

Table 6: Measured Surface Energies of Soil 
Particles and Water " 

PART1CE GEOMEIRY SURFACE ENERGIES. mJJai 

AGGREO SIZE. SM" r I'"' I"" I'" I'" 
AlE .... "'tc 

ruv...SmI SOO- Q2S7 169.6 64.8 104.8 11.0 250.8 
ruv...SmI 1000 0.639 199.1 64.6 134.5 11.S 11QO 
ruv...SmI 1lS-25O 6.168 mol 10.3 141.0 lS.9 142.1 .......... .q\J 7.031 134.7 68.3 66.4 2.9 378.1 

Filk< .q\J 

w_ - 71.8 11.8 SI.O lS.S lS.5 

What we call matric suction is the product 
of AGsf and the specific surface area of the 
particle to which the fluid is bonded (Marquis, 
et. aI., 1982). It is instructive to use Equation 
(41) together with the values ofyLW, yID, and y9 
for the solids and the liquid in Table 6 to see 
how matric suction changes with the particle 
size. 



1.7. Example Development No.6 Constitutive 
Equations 

Another example of needed developments in 
constitutive equations is in the. area of plasticity 
theory. It has been found by experimentation that 
most, if not all, soils obey a non-associative flow 
law in undergoing plastic deformation. The term 
"non-associative" refers to the fact that the yield 
function which describes the stress state at which a 
material yields and the plastic potential which 
governs th<? plastic flow are not the same function. 
It has also been found by experimentation that the 
Mohr-Coulomb yield function does not accurately 
represent the actual stress state at which soils yield. 
It is a conservative criterion, always 
underpredicting the stresses at which soils yield. It 
has also been found by experiment (Lytton, et al, 
1993) that the plastic yield of asphalt concrete 
obeys the same yield criteria as unsaturated soils. 
Figure 10 shows the projection on the octahedral 
plane of the Mohr-Coulomb and Lade-Duncan 
yield functions (Lade and Duncan, 1973) which 
illustrate how well the latter matches the measured 
data. The Mohr-Coulomb yield function represents 
a lower bound of practical yield functions. It is 

CT·, 

Figure 10: Mohr - Coulomb and Lade Yield 
Functions Compared with Measured Yield Data 
(Lade and Duncan, 1973) 

sufficient to note here that in estimating the plastic 

flow of asphalt concrete and base course 
materials under increasing truck loads and tire 
inflation pressures, such inaccuracy is a luxury 
that can ill be afforded. 

Similarly, in estimating the conditions of slope 
. . failure either by the classic slip surface or the 

shallow slope failure that is common in un
saturated soils, more accurate yield functions 
and plastic potential functions are needed. 

The more promising functions that have 
been proposed for these purposes are the 
Vermeer, Lade, and Desai function rv enneer, 
1984; Lade, 1987; and Desai, et. aI., 1991). In 
all of these, as expected, both the yield functions 
and plastic potential functions are functions of 
the first invariant of the stress tensor. This 
means that in unsaturated soils, including 
asphalt concrete, the expression for the first 
invariant of the stress tensor should be as in 
Equation (18) which is repeated below. 

I1u = II - 36fhm (18) 

1bis is another use that can be made of the 
theoretical development in Example No.1. Of 
course, in order to take advantage of these new 
formulations much more use will need to be 
made of numerical computational methods 
which incorporate them, and of testing methods 
which are capable of accurately determining the 
needed material properties. 

1.8 Testing Methods 

Testing methods may be divided 
conveniently into three categories: 

• Characterization tests 
• Laboratory tests for construction 

and rehabilitation projects 
• In situ tests 

Examples of each of these types of tests 
that need to be developed or to be brought more 
into practice in the future are listed below. The 
lists are not exhaustive but are meant to suggest 
the directions in which future testing needs to 
develop. 



1.8.1 Characterization Tests 

The characterization tests are made in the 
laboratory and are different for foundations and 
pavements. In foundation applications, it would be 
very desirable to develop a laboratory test 
procedure in which both suction and mechanical 
pressure stress paths could be controlled while both 
axial and radial strains are measured. This is to 
make it possible to characterize both volumetric 
and deviatoric behavior of unsaturated soils, and to 
determine me resilient dilatancy properties of the 
soil. In accordance with testing principles that are 
long established, the test and measurement 
geometry should be such as to pennit all 
measurements of displacement to be made in a part 
of the test sample where there is a unifonn stress 
and strain field so that the measurements reflect a 
pure material response. Thus, the center portion of 
a triaxial apparatus is acceptable. However, 
because no part of a direct shear apparatus has 
either a unifonn stress or strain field, it is not 
usually acceptable. The results from such an 
apparatus should be regarded as questionable until 
confirmed by test results from an acceptable 
apparatus. 

In pavement applications, the properties of 
pavement materials must be known over a wide 
range of stress, strain rate, and temperature 
conditions. As a result, asphalt concrete tests 
should be more widely used which employ triaxial 
frequency sweep (0.01 Hz to 20 Hz), creep and 
recovery, and fracture and healing tests at different 
temperatures and confining pressures. Portland 
cement concrete tests involving the measurement of 
total suction, temperature and shrinkage 
coefficients, and fracture properties should begin to 
see much more frequent use. 

1.8.2. Laboratory Tests for Construction and 
Rehabilitation Projects 

These types of tests should be related to and 
derived from the characterization tests principally 
because they produce material properties. And it is 
material properties that govern the perfonnance of 
a foundation or a pavement. 

In foundation applications, few tests will 
prove to be more useful than rapid but accurate 
methods of measuring the suction in unsaturated 
soils. Methods such as filter paper (slow but 
simple), transistor psychrometers, and chilled 
mirror optical dewpoint sensors should prove to 
be useful for this purpose. In volumetrically 
active soils, the ability to measure the volume 
change - versus - suction characteristic of an 
unsaturated soil under zero or low pressure will 
be very useful. The same tests will be useful for 
pavement base courses and subgrade materials. 

1.8.3. In Situ Tests 

These types of tests should produce rapid 
and reliable measurements under field 
conditions. In foundation applications, suction 
probes using either the transistor psychrometer 
or the chilled mirror optical dewpoint sensor 
will be needed to measure total and osmotic 
suction. Compaction of landfill liners and caps 
should be controlled by suction probes rather 
than by the conventional earthwork QAlQC 
equipment. Lateral earth pressure needs to be 
measured under conditions of changing suction 
and fiber optic sensors may be a promising 
method for this. Ground penetrating radar with 
the reflected signals filtered for noise and 
properly analyzed is capable of accurate 
measurements of stratum thicklless, voids, water 
content and density. 

In pavement applications, the measurement 
of total and osmotic suction in base courses and 
subgrades can be aC90mplished with suction 
probes. Resilient properties, including 
viscoelastic properties of all pavement layers, 
can be determined by inverse analysis of the 
time histories of load and deflections measured 
in impulse testing. Ground penetrating radar can 
be used to measure layer thickness, voids, water 
content ·or asphalt content and density, and the 
presence and thickness of ice lenses. Soil mass 
properties of pavements that can be measured 
include the profile, roughness spectrum, and 
variability. 



1.9 Analysis Methods Used in Design 

In the future, numerical computational 
methods will be used more widely and for more 
routine use in design. This Will be driven by the 
availability of inexpensive computers with the 
required memory and speed and of testing methods 
that are capable of measuring accurate material 
properties. The developments that are needed in 
foundations include analysis - for - design methods 
for slabs, drilled piers, retaining walls, and 
downhill ~reep. In pavements, analysis - for -
design methods are needed for Portland cement 
concrete, asphalt concrete, and unpaved roads. 

Slab design methods that are needed include 
the ability to analyze non-rectangular foundation 
shapes with and without stiffening beams and for a 
variety of soil distortion patterns. The effects of 
water proofing with root and moisture barriers 
needs to be considered. 

Drilled pier design methods will make use of 
a cylindrical pier acted upon by uplift and down 
drag forces caused by swelling and shrinking of the 
surrounding soil. In addition, differential wetting 
and drying around the pier will generate 
unsymmetrical lateral earth pressures and moments 
in the pier. Interface elements must be used to 
represent the normal and tangential forces imparted 
by the soil to the drilled pier. 

Retaining wall design will need to use a soil -
structure interaction analysis employing interface 
elements and a lateral earth pressure formulation 
akin to the one considered in Example No.3, 
elements and a formulation, which includes the 
effects of changing' suction levels. 

Numerous foundation elements including 
slabs and drilled piers will need to be designed to 
accommodate the downhill movement due to 
downhill creep. One of the first design 
considerations is whether the slope will tend to 
creep downhill or will undergo a shallow slope 
failure. Downhill creep will occur if the cohesive 
shear strength of the soil is larger than the downhill 
component of the overburden pressure. A lower 

bound inequality describes the condition In 

which downhill creep will occur. 

Htana. ~ 

where 
H = 

tana. = 

Yt 
e = 

f = 

6fl hm l 
--- tan <1>' 

Yt 

(42) 

the thickness of a layer which is 
creeping downhill 
the .tangent of the slope angle ' 
the total unit weight of the soil 
the volumetric water content 
the bracketed terms in 
Equations (8) and (9). The 
minimum value of f is 1.0 

I ~ I = the absolute value of the matric 
suction 

tan<l>' = the friction angle of the material 

If the inequality sign is reversed, shallow 
slope failure may occur if water is trapped in the 
cracks in the slope so that the saturated effective 
strength of the soil in the cracks is less than the 
cohesive shear strength of the intact soil. This 
effect of cracks in the soil on a sloping site 
shows the importance of waterproofing the site 

, above the level of a foundation. The lateral 
pressure applied by the mass of soil creeping 
downhill against drilled piers becomes a critical 
part of the analysis and design of those drilled 
piers. 

Asphalt concrete pavements will need to 
have analysis - for - design methods in use 
which accurately predict the principal types of 
distress including rutting, fatigue and thermal 
cracking, pumping, stripping, raveling, and 
weathering. The latter three are controlled by 
the adhesive surface energies of asphalt and 
aggregates as discussed in Example No.5. 

Portland cement concrete pavements need 
to have analysis - for - design methods which 
accurately predict the severity and extent of 
faulting, spalling, cracking due to warping, 
curling, and traffic, and pumping. 



Unpaved roads constitute large proportions of 
the transportation networks of all nations. Their 
proper management will require analysis - for -
design methods which make accurate predictions of 
rutting, surface loss, and corrugatiqns. 

Several types of pavement distresses listed 
above, namely rutting, pumping; surface loss, and 
corrugations will require the use of numerical 
computational methods with the capability of 
allowing the Poisson's ratio to rise well above 0.5. 

1.10. Summary 

It is apparent that unsaturated soils cover a 
broad spectrum of the materials of construction 
including 

Expansive soil 
Collapsing soil 
Frozen soil 
Fine and coarse grained soils 
Asphalt concrete 

Foundations and pavements on these soils 
must be designed to perform as they are predicted, 
making use of the characteristics of these 
unsaturated soils in numerical computational 
procedures. The materials properties of these soils 
are stress -and -suction -dependent, and are 
variable. These soils undergo large strains under 
service conditions in the field; These 
characteristics of unsaturated soils made small 
strain, elastic analyses generally inadequate for the 
purposes of accurate prediction. Realistic 
characterization of these soils is necessary for 
analysis which, in turn, is necessary for design. 

Future progress in unsaturated soils requires 
the development of Theory of mixtures and 
micromechanics concerning unsaturated soils 
• Constitutive equations 
• Test method for laboratory and in situ 

measurements 
• Computational methods to include realistic 

unsaturated soil properties 

• Analysis -for -design methods for foundations 
and pavements 

• Design methods that are based upon 
accurately predicted performance 

• Use of the reliability approach in design 
which accounts for. variability and 
uncertainty 

• Nondestructive testing methods to 
determine in situ properties of unsaturated 
soils 

• Well planned case studies 

Rapid iInprovements in computers and 
instrumentation· are· making all of these 
developments both possible now and practical in 
the near future. 
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PROGRAM AGENDA
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7:15 am     Seminar Opening by David Eastwood, P.E.

   7:25 am     Tribute to Professor Michael O’Neill –

                      Mr. Kenneth Tand, P.E. –

                      Kenneth Tand and Associates, Inc.

   7:35 am     Introduction to Unsaturated Soil  Mechanics by

                     Dr. Robert L. Lytton, P.E.

   8:00 am     Computations of Swell and Shrinkage in Expansive

                     Soils – Lytton

           Development of Volume Change parameters

           Use of Soil Suction Concepts

           Comments on PVR

   8:45 am     Break

   8:55 am     Continuation – Lytton

   9:30 am     Field Exploration and site Conditions – Meyer

   10:00 am   Laboratory Testing – Lytton

          Swell Test Procedures

                       Soil Suction Tests

   10:30 am     Break
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lCIIGGERATED EXAMPLE OF DAMAGE TO A HOME AS A 
RESULT OF SHRINKING OR SWELUNG SOILS 
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SITE CONDITIONS

•     Rainfall and evaporation

•     Tree root zones

•     Flower beds, ponds

•     Vertical, horizontal barriers
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Equilibrium Soil Suction vs. TMI

Note: Modified curve and equation of
curve provided in 3rd Edition Manual.
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Soil Suction – SCF Assumptions

Shrinking Swelling

Initial Profile

Final Profile

Post Equilibirum  - Initial suction set at equilibrium suction and
changes to a wet or dry final suction profile.

Final suction profile is assumed to be “trumpet” shape.
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2.9 Typical wet limit
suction value of well

drained site

2.5 Typical wet limit
suction value for

poor drainage
conditions

4.5 Typical dry limit suction
value for site controlled by

vegetation

Typical Levels of Suction
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v~ 
uY '0" 

Montmorillonites \>'"\\ 

60 
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x 40 • 
" c 
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10 Halloysites 
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0.1450.580.092.1200  192170
0.0730.590.049.0830  479133
0.1140.430.080.1300  418132
0.0750.370.055.0970  57593
0.1150.400.082.1280  34553
0.0720.390.052.0900  51747
0.1260.460.086.1360  37542
0.0790.330.058.0890  32530

0.0380.460.026.0300  13410
0.0560.400.040.0390    91.09
0.0640.450.044.0530  153.28

0.0550.490.037.0400  114.97
0.0620.450.043.0390    75.76

0.0500.460.034.0195    35.45
0.0600.430.042.0510  153.24

0.0360.450.025.0145 37.43

0.0300.480.020.0123 38.32

0.0460.380.033.0225 46.01

Volume
Strain

Pressure
kPa

Test
No. ó

ã
o
e

r
c
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I 

Figure 8 - em Selection Chart 
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= 1 ~ 8 ~: - exceed 9 feet 1/ 11 
_ clii' : I ,1)14-+i' 

~;'~-~~ ____ +--+I/-+_~~V~~I~I 
~::::~c;:en:te~::lft-l-_l-V~~- H ,: --t--fl/_-'--Ji'-VI--l-l--I-c;' 
Ir~ t i' j/ ..... 1 .. ./1::::t( j : i ~ 'I:-i~ ---t-+t--~-I-/-JLL,(/_+-+--+",i--+'~' 
~-~=te:d~g~etli~~~t-_t--j-~-I ~ ~ - I~ : : ~ ~ 3 Ic-+-H+---~-/---;;I~-I--f--I-IH---l-1 
= - ,31i : centerllft / /' -
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Thomthwaite Moisture Index (I .. ) 
see Post-Tensioning Institute Figure A.3.2 
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Diffusion Coefficient 

I ~--------------------------~ 
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EDGE MOISTURE DISTANCE 
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RANGES OF SUCTION

CONVERSION OF UNITS

SIMPLIFIED SAMPLE CALCULATIONS OF

•VERTICAL FLOW

•HORIZONTAL FLOW

•HEAVE

•SHRINKAGE

R. L. LYTTON, Ph.D., P.E.
Notes originally prepared for:
The Expansive Soils Seminar
Conducted on June 21, 1985
At the University of Houston

At the Invitation of Dr. Michael O’Neil
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RANGES OF SUCTION
The following scale is presented as a guide in determining reasonable levels
of suction for estimating differential and total heave and shrinkage.

7          Oven Dry

6          Air Dry (Relative Humidity = 50%)

5
          Wilting Point (pF = 4.5)

4
              Plastic Limit of Clays (pF = 3.5)

3
            Wet Limit of Clay in the Field (pF = 2.5)

2           Field Capacity (wettest soil in the field)

1           Liquid Limit
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CONVERSION OF UNITS

Geotechnical laboratories may
report suction measurements in a variety of
units, especially with metric conversion going
on in the United States.  The following is to
make it easy to convert from any one system
of units into the pF – scale that is used in the
VOLFLO program.

CONVERSIONS TO pF

    pF = log10 (kPa) +
1.009

pF = log10 (Tsf) +
2.990

pF = log10 (psi) +
1.847

pF = log10 (psf) +
0.311
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2

2

    =      70.37   

    =      977.36 

    =      10.21    

    =      0.4887  

lb cm
cm x

in psi

T cm
cm x

ft Tsf

cm
cm kPa x

kPa

cm
cm psf x

psf

! "
# $
% &

! "
# $
% &

! "
# $
% &

! "
# $
% &

CONVERSIONS TO cm OF SUCTION

-
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Typical Suction Levels
Air Dry -   6.0 pF
Drying in Grass and Tree Root Zones -   4.5 pF
Plastic Limit in Fat Clays -   3.5 pF
Natural Water Content in Clays -   3.2 – 3.7 pF
Clay Wet Limit -   2.5 pF
Liquid Limit -   1.0 pF
pF  =  log 10 (suction in cm)
Flow of Water in Clays

Horizontal Flow

Äh v
v = k                 h  =  x  

Äx k

 velocity = out of the soil

-  velocity = into the soil

h  =  change in suction, in cm

x  =  change of horizontal location, in cm

! "
# # $ %

& '

+

#

#
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h v
v  =  -k  + 1           h  =  z  + 1

z k

Same sign convention on velocity flow direction

h  =  change in suction, in cm

z  =  upward change in elevation, in cm

Note:  when v = 0, h/ z = 

!" # " #
! !$ % $ %

!& ' & '

!

!

! ! -1.

Vertical Flow

( )
-6 cm -200cm

k  =  2 x 10   
sec -h cm

h  =  value of suction, cm

! "
# $
% &

Permeability

- -

-
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Volume Change in Clays
Percent Volume Change
1.  Swelling    matrix suction overburden + osmotic suction

       swelling term surcharge correction swelling term

f f f
h 10 h 10 o 10

i i i

f

i

i

h !v
   =        - ã  log         -  ã  log                     -  ã  log  

v h !

    h      =  final matrix suction, cm.

    h      =  initial matrix suction, cm.

      

!

!

!

" # " # " #$" #
% & % & % &% &

' ( ' ( ' ( ' (

( )
( )

cm
3t

2

f

o
t

i f

  =  overburden correction constant

gm
                      40  x ã   

cm

        =  mean pressure in g cm  at depth z

1 2 K
                     below 40 cm  = ã

3

! , !    =  initial and f

!

) + *" #
% &+ ,
' (- .

h

inal osmotic suction, cm.

v
  =  volume change percent (in decimal form)

v

    ã     =  volume change coefficient

$" #
% &
' (

Note:      Overburden and surcharge correction term is NOT applied above 40 cm or
   Below where it exceeds the swelling term or when it is the same sign.

/ 
/ 
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2.  Shrinking

f f f
h 10 h 10 o 10

i i i

h !Äv
   =    - ã  log            + ã  log              - ã  log  

v h !

!

!

" # " # " #" #
$ % $ % $ %$ %

& ' & ' & ' & '
                                 shrinking term            overburden and               osmotic suction
                                                                    surcharge correction        shrinkage term

            term

3.  Lateral Earth Pressure Coefficient

o

o

o

o

K   =  0.0 when there are many cracks in the soil

K   =  1/3 when the soil is drying out

K   =  2/3 when the soil is wetting up

K   =  1.0 when the cracks are closed tightly

ÄH v
  =  f 

H v

f  =  0.5 when soil is drying out

f  =  0.8 when soil is wetting up

!" # " #
$ % $ %
& ' & '

4.  Vertical Volume Change at Depth, z
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5.  Total Heave or Shrinkage

( )
n

m

i=1

H
y   =                    z

H

                         vertical         vertical

                         volume          increment, cm

                         change

VolumeChangeCoefficient,

!" #
!$ %

& '
(

( )

h ã

    Need to know :   1.  PI%, LL%

                               2.  % Fine Clay

1.   PI(%)  =  Liquid Limit (LL) - Plastic Limit (PL)

% Passing 2ì  size
2.  % Fine Clay =  x 100

% Passing (#200) size

3.   
PI (%)

Activity Ratio, AC  =  
% Fine Clay
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Mineral ClassificationMineral Classification

Note:  No soil should plot above U -Line

Referred 
to as 

Zone 7 in 
VOLFLO
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Suction Compression Index – γoSuction Compression Index – γo
Zone II Chart

Note:  There is no chart for “Zone 7”.  PTI 
recommends γo = 0. 01 for this zone. 
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o

h

o

LL(%)
4.  Liquid Limit Activity  =  

% Fine Clay

5.  Volume Change Guide Number (From Chart), ã

6.  Volume Change Coefficient, ã

                    = % Fine Clay (decimal) x ã

Example Problem - Equilibrium Suction Profile

    No vertical flow:   v = o

h
                               = - 1

z

    Suction at 8 ft:  pF 3.2 = - 1584 cm

h cm
    Suction at Surface - 1584 cm +  x 8' x 30 

z ft

            

!

!

!" #
$ %
!& '

cm cm

cm

cm
                     = -1584  + -1  x 240

cm

                                 = - 1824

" #
$ %
& '

- -

-
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1

1

240cm

cm

pF 3.26

-1824

cm
-1584

-pF 3.2

\ 
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Example Problem - Volume Change

               LL = 76%

               PL = 22%       = Soil Zone II

                PI = 54

% Fine Clay = 60%

               AC = 54/60 = 0.90

           LLAC = 76/60 = 1.27

o

h

o

cm

        Zone II

                 ã  = 0.15                     From Chart No. II

                 ã  = 0.15 x 0.60 = 0.09

    Assume ã  =                    = 0.09

         Dry pF = 4.20 (-15984 )

       ( )cm

f f
h 10 ó 10

i i

cm

i t

f 

  Wet pF = 2.60 -398

hv
           = - ã  log   - ã  log  

v h

H v
              = f 

H v

f  =  0.5 (Drying)             ó  = 40  x ã

f  =  0.8 (wetting)             ó = 2

!

!

" # " #$" #
% & % &% &

' ( ' ( ' (

$ $" #
% &
' (

t

cm

f

i

1 + 2Ko
  x  ã  x 

3

                                        Ko = 1 (Assume)

z
                                    = 

40

      

     

!

!

" #
% &
' (

" # " #
% & % &

' (' (

} 

} 
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Equilibrium Suction Profile

240cm

-1584cm

pF 3.20

pF 4.20                      pF 3.26
-15,984cm                 -1824cm
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h ó
ã   =  ã   =  0.090                      f  =  0.5

Drying 

Äv

v

! "
# $
% &

ÄH

H

! "
# $
% &

Ko = 1

Assume

0.0700-0.0000-1584-15842408’

0.0666-0.0216-2784-1604220

0.0629-0.0351-3984-1624200

0.0588-0.0449-5184-16441806’

0.0542-0.0526-6384-1664160

-0.0049-0.00980.0490-0.0588-7584-1684140

-0.0106-0.02120.0429-0.0641-8784-17041204’

-0.0164-0.03280.0358-0.0686-9984-1724100

-0.0228-0.04550.0271-0.0726-11184-174480

-0.0302-0.06040.0158-0.0762-12384-1764602’

-0.0397-0.0793-0.0793-13584-178440

-0.0411-0.0822-0.0822-14784-180420

-0.0424-0.0848-0.0848-15984-182400’

Depth, cm 
i

h ,  cm f
h ,  cm

h 10

hf
-  log

hi
!

" #
$ %
& '

10 

i

óf
ãó log

ó

! "
+ # $

% &
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ÄH

H

! "
# $
% &

ÄH, cm

240

220

200

180

160

-0.09820-0.0049140

-0.21220-0.0106120

-0.32820-0.0164100

-0.45620-0.022880

-0.60420-0.030260

-0.79420-0.039740

-0.82220-0.041120

1.47in3.738 cm-0.42410-0.04240

ymH, cmDepth, cm
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240cm

Equilibrium
Suction
Profile

pF 3.26
-1824cm

pF 2.60
-398cm

-1584cm

pF 3.2
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Wetting

h ó
ã   =  ã   =  0.090                                 f  =  0.8

Depth, cm 
i

h ,  cm
f

h ,  cm

h 10

hf
-  log

hi
!

" #
$ %
& '

10 

i

óf
ãó log

ó

! "
# $ %

& '

Äv

v

! "
# $
% &

ÄH

H

! "
# $
% &

Depth, cm i
h ,  cm

f
h ,  cm

h 10

hf
-  log

hi
!

" #
$ %
& '10 

i

óf
ãó log

ó

! "
# $ %

& '

Äv

v

! "
# $
% &

ÄH

H

! "
# $
% &

Ko = 1

Assume

-0.07000.0000-1584-15842408’

-0.0666+0.0030-1485-1604220

-0.0629+0.0062-1386-1624200

-0.0588+0.0096-1287-16441806’

-0.0542+0.0131-1189-1664160

-0.0490+0.0170-1090-1684140

-0.0429+0.0212-991-17041204’

-0.0358+0.0258-892-1724100

0.0030+0.0037-0.0271+0.0308-793-174480

0.0166+0.0207-0.0158+0.0365-694-1764602’

0.0343+0.0429+0.0429-596-178440

0.0403+0.0504+0.0504-497-180420

0.0476+0.0595+0.0595-398-182400’

- - - - -, 
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Wetting (Continued)

ÄH

H

! "
# $
% &

ÄH, cm

240

220

200

180

160

140

120

100

0.06020+0.003080

0.33220+0.016660

0.68620+0.034340

0.80620+0.040320

2.360cm = 0.93in0.47610+0.04760

ym, cmH, cmDepth, cm
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Wetting With Open Cracks

h

wetting
ã   =  ãó  =  0.090                           

f  =  0.8
f

h 10

i

h
-ã  log

h

! "
# $
% &

f
10

i

ó
-ãó log

ó

! "
# $
% &

Äv

v

! "
# $
% &

ÄH

H

! "
# $
% & ÄH m

y , cm

Ko = 0

Assume

-0.0271+0.00002408’

-0.0237+0.0030220

-0.0200+0.0062200

-0.0158+0.00961806’

0.030200.0015+0.0019-0.0112+0.0131160

0.176200.0088+0.0110-0.0060+0.0170140

0.340200.0170+0.0212+0.02121204’

0.412200.0206+0.0258+0.0258100

0.492200.0246+0.0308+0.030880

0.584200.0292+0.0365+0.0365602’

0.686200.0343+0.0429+0.042940

0.806200.0403+0.0504+0.050420

4.002cm
= 1.58in

0.476100.0476+0.0595+0.059500’

H,
cm

Depth, cm
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f t

i t

f

i

Z
ó   =    x  ã

3

ó   =  40  x  ã

ó Z
 =  

ó 120

-
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   1:00 pm     Geotechnical and Structural Design of Post-Tensioned Slabs-on-
                     Ground using PTI 2004 Manual and Computer Programs
                     VOLFLO 1.5 and PTISLAB 3.0 – Meyer, Read

   2:30 pm      Break
2:40 pm      Design Concepts of Various Foundation Systems – Lytton
                             Drilled Footings
                             Floating Slabs
                             Moisture Barrier
                             Root Barrier
                             Slopes
                             Pavements
                             Sulfates

  4:00 pm        Forensic Evaluation of Foundations – Dr. David Eastwood, P.E.

  4:30 pm        Legal Issues – Mr. David Dorr, Esquire

  5:00 pm        Panel Discussion

                       Questions and Answers

  6:00 pm        Adjourn

PROGRAM AGENDA
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PROPERTY                                                                    VALUE

PERCENT FINE CLAY (% fc)                                            67%

ACTIVITY INDEX (PI/% fc)                                             0.88

LIQUID LIMIT INDEX (LL/% fc)                                     1.28

SOIL ZONE (CHART NO.)                                                  II

100% SUCTION COMPRESSION INDEX (!O

O

)               0.16

SUCTION COMPRESSION INDEX (  x % fc/100)     0.107!

DERIVED EXAMPLE CLAY PROPERTIES
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DERIVED EXAMPLE CLAY PROPERTIES

2
-3

PROPERTY                                                           VALUE

SLOPE OF pF-vs-WATER CONTENT                  -7.19

cm
UNSATURATED DIFFUSIVITY                     3.07x10

sec

THORNTHWAITE MOISTURE INDEX             -11

EDGE MOISTURE VARIATION DISTANCE

         DRYING                                                         7.4 FEET

         WETTING                                                       4.8 FEET
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~ _t 

50 

o 
40 

o a 

o 

30 

a 

a 

10 

Legend 

Kenney (1959) 0 

Bjerrum and Simons (1960) 0 

Ladd, et al. 11977) " 

-0'----------t::. --- ------------

---------____ 0 o ---- __ ---0 -

Average (Bjerrum and Simons, 1960) 

±1 standard deviation (U.S. Navy, 1971) 

0L-------710~------~20~------3f.0~------4~0~----~5~0~----~6~0~----~7~0~----~8~0------~9~0------~1~00 

Plasticity index, PI 

Fig. 11.27 Empirical correlation between </>' and PI from triaxial compres
sion tests on normally consolidated undisturbed clays (after U.S. Navy, 
1971. and Ladd. at al. . 1977). 
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Suction (pF) 

2.0 3.0 4.0 5.0 
0.0 

2.0 

4.0 

g 6.0 
;; 

8.0 Q. .. c 
10.0 

12.0 

14.0 

Potential Vertical Swelling (It) 

0.00 0.05 0.10 0.15 0.20 
0.0 t---"r-~~-~----j 

2.0 

4.0 

g 6.0 
~ 

ii 8.0 
~ 

10.0 

12.0 

14.0 

Volumetric water content 

0.0 0.2 0.4 0.6 

0.0 '1----"""("'---'---....,....---, 

2.0 

4.0 

g 6.0-

l 8.0 

10.0 -

12.0 

14.0 
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-400 -200 

o~O.012b~O.0288 ft 

Assume H~8.0 ft 

o 

1.0 

6.0 

7.0 

Horizontal Swelling Pressure (pst) 

200 400 

, , , , , , 
, , 

600 800 1000 

(7H ( I ) 
~ r, (l+Sin '(/) _ ((}jhm) ( 2si~ 't,) 

1-sm 'qJ 1-sm qJ 

aI/ (2) 

- - -. - - .. - - -- - - - -- --- -- - -- s.{)- .---- - - - - - - - - -- --- - - - --

9.0 

10.0 

11.0 

. - ---~-------- --- - --- ------- - - - - - - - - - - : :;I .:' - - - - - •• - - - - - - - - - -

12.0 

13.0 .' 

, / (1 - sin qJ') r I Z 
, , 

14.0 

-- _ .... 
. -- -

1200 
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                                                        TYPICAL

CONDITION                                       Ko                        FORMULA    

        Cracked                                        0                                   0

1-sin 
        Drying (Active)                          1/3                           

1+sin 

        Equilibrium (At Rest)                1/2                 

!

!

"

"

           1+sin 

1-sin 1 sin  
       Wetting (within movement         2/3                

11+sin 
1-  sin 

2

        active zone)

        Wetting (below movement          1               

!

! !

! !

"

# $
% &" "+
% &
" % &"
' (

1-sin 1 sin  
   

1+sin 1- sin 

         active zone)
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         TYPICAL
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FLOATING SLABS
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lCIIGGERATED EXAMPLE OF DAMAGE TO A HOME AS A 
RESULT OF SHRINKING OR SWELUNG SOILS 
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SLOPES

IN

EXPANSIVE SOILS
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SHALLOW SLOPE
FAILURE

GRASS

ROOTS

DURING DRY PERIODS ROOTS EXTRACT WATER
FROM THE SOIL AND CAUSE SHRINKAGE CRACKS
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ROOT ZONE

Crack Spacing Gets Larger with Depth
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DEPTH
BELOW

SOIL
SURFACE

CRACKING SPACING

SOURCE :  MICHAEL KNIGHT
                     PH. D. DISSERTATATION, GEOLOGY
                     UNIVERSITY OF MELBOURNE (AUSTRALIA) 
                     1972
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RUNOFF WATER

DRY LIMIT

WET      LIMIT

4.0

2.0

4.0

2.5

pF

SUCTION RANGE

BETWEEN CRACKS

WATER

SOAKS

INTO

SOIL 2.0
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WET
SUCTION-

LIMIT
2.5

DRY
SUCTION-
WILTING

POINT
4.5

TRANSIENT
SUCTION

WETTING
SUCTION

ENVELOPE

DRYING
SUCTION

ENVELOPE

Ue
EQUILIBRIUM

SUCTION
(TYPICALLY 3.0 – 4.2 IN TEXAS)

ROOT
ZONE
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DESIGN AND CONSTRUCTION

  PAVEMENTS ON EXPANSIVE SOILS

  SULFATE SWELLING PROBLEMS
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STIIB. BIiCKFILL 
GRIIVEL BIICKFN.L • 

VERTICIIL MOISTURE SEIIL PROPOSED 
TYPICIIL MIIINU1NE PIII/£MENT 

5ECTION 
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SULFATE SWELLING PROBLEMS

LIME +

SULFATE +

WATER +

CLAY = PAVEMENT BUCKLING
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QUESTION:

HOW CAN YOU TELL
WHERE YOU HAVE A
SULFATE SWELLING

PROBLEM?
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Approach
• Establish “decision tree” approach
• Use GIS to organize geological, pedological,

topographical, and test data to assess
sulfate potential

• Use magnetometer to screen for threshold
presence of sulfates

• Use stability models to validate decision
thresholds
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Consider geological and
pedological facts

• Sulfate concentrations are generally low in
surface soils and rocks

• Gypsum is present in soils developed from
montmorillonitic Eagle Ford shale

• Sulfate induced heave observed most
frequently in Eagle Ford where roads follow
streams, or run across low-lying areas or
hillside slopes
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Data Sources
• Bedrock geology and Soil Report data are

used to assess sulfate potential
• Geological databases were accessed from The

Texas Natural Resources Information System
(TNRIS)

• The Soil Survey Geographic Database
(SSURGO) was accessed regarding soils data

• Aerial photographs from TNRIS were
accessed for topographical analysis
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Integrated GIS approach
considers

• Sulfates (including pyritic sulfur) in bedrock
• Sulfates in soil profile
• Shrink-swell potential
• Permeability
• Topography
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Geology Map of Travis County
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Attribute Table for Bedrock

The comments section 
Identifies if sulfates and/or
Pyritic sulfur is present or not
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Williamson County Soil Map
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Attribute Table For Williamson Soil
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Magnetometer

• Based on electrical conductivity (EC) as a soil
property that can be measured rapidly across a large
area

• Threshold sulfate level can be determined in the field
using magnetometer

• The magnetometer is used to measure sulfate
contents in the direction perpendicular to the long
axis of the instrument, which means that it can
canvass an area about 1 meter wide and 1.5 meter
deep

• Threshold level should be carefully validated for SH
130 corridor
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Sampling and Testing when Sulfates
are Suspected: Petry and Berger

• Sulfates occur in variable
locations, seams

• Cannot detect with
routine testing protocols

• Reliable screening tool
needed

• Threshold reading of 280
mS/m established to
relate to threshold soluble
sulfate level (3,000 ppm).

Total Salts VS M aximum EM 38 Reading (all data)

0

5000

10000

15000

20000

25000

0 50 100 150 200 250 300 350 400 450 500

M aximum EM 38 Reading (mS/m)

T
o

ta
l 
S

a
lt

s
 (

p
p

m
)



2005 Seminar Robert Lytton Presentation
Foundation Performance Assoc.

205

Threshold

Total Salts VS M aximum EM 38 Reading (all data)
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Magnetometer
Operation of EM38
• The EM38 device has a transmitting

and a receiving coil
• The transmitting coil generates a

secondary magnetic field that varies
in strength with depth of soil, known
as electromagnetic induction

• The conductivity readings obtained
in milliSeimens/meter is the
apparent conductivity

• 3000 data points can easily be
obtained in one hour using the
DL720 data logger
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Magnetometer
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Variation of Sulfate along slope of
the surface
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Magnetometer Criteria

• The threshold level of sulfates to form
ettringite is in the range of 3300 ppm

• In the field, any conductivity value
exceeding 230 ms/m should be considered
problematic and associated with soluble
sulfate levels exceeding 3300 ppm

• EM 38 conductivity meter should never be
used in a trench less than a meter wide to
avoid interference between dipoles
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Stability Models or Phase Diagrams
290 Soil - Depth of 24-inches
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Stability Model for Frisco Soil
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   1:00 pm     Geotechnical and Structural Design of Post-Tensioned Slabs-on-
                     Ground using PTI 2004 Manual and Computer Programs
                     VOLFLO 1.5 and PTISLAB 3.0 – Meyer, Read

   2:30 pm      Break
   2:40 pm      Design Concepts of Various Foundation Systems – Lytton
                             Drilled Footings
                             Floating Slabs
                             Moisture Barrier
                             Root Barrier
                             Slopes
                             Pavements
                             Sulfates

4:00 pm        Forensic Evaluation of Foundations – Dr. David Eastwood, P.E.

  4:30 pm        Legal Issues – Mr. David Dorr, Esquire

  5:00 pm        Panel Discussion

                       Questions and Answers

  6:00 pm        Adjourn

PROGRAM AGENDA
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SEMINAR

FOUNDATIONS ON EXPANSIVE SOILS

SHERATON – NORTH HOUSTON

HOUSTON, TEXAS

SEPTEMBER 23, 2005
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LABORATORY TESTS

•  SUCTION

•  DIFFUSION COEFFICIENT

PAVEMENT ANALYSIS AND DESIGN

•  ANALYSIS PROGRAM - FLODEF

•  DESIGN PROGRAM - WINPRES



2005 Seminar Robert Lytton Presentation
Foundation Performance Assoc.

215

APPENDIX:APPENDIX:
TOTAL AND MATRIC SUCTIONTOTAL AND MATRIC SUCTION

MEASUREMENTS WITH THEMEASUREMENTS WITH THE
FILTER PAPER METHODFILTER PAPER METHOD

Texas Transportation Institute
Texas A&M University System

College Station, Texas



2005 Seminar Robert Lytton Presentation
Foundation Performance Assoc.

216

  Filter Papers

  Glass Jars

  Moisture Tins

  Tweezers

APPARATUSAPPARATUS
  Latex Gloves

  PVC-Rings

  Electrical Tape

  Aluminum Block
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 Sensitive Balance (0.0001 g)

 Constant Temperature Container
(stability less than ±1oC)

 Oven (110 ± 5oC)

APPARATUSAPPARATUS
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CALIBRATION CURVECALIBRATION CURVE
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 = 0.9969
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BEFORE COMMENCING THE TESTING,
MAKE SURE THAT ALL ITEMS
RELATED TO FILTER PAPER METHOD
ARE CLEAN, MOISTURE, OIL, CLEAN, MOISTURE, OIL, AND
DUST FREE!DUST FREE!

NOTE:

• Make sure that tweezers are used to handle filter
papers

• Make sure that moisture tins, o-rings are handled
with gloves
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• Use a container that a
Shelby-tube soil sample can
be fit into easily without the
disturbance of the soil sample.

• Cut the soil sample into two
halves for matric suction
measurements.

• Make sure that the surfaces
of the soil samples are smooth
and flat for establishing an
intimate contact between the
soil sample and the filter paper
for matric suction
measurements.

NOTE: When preparing the soil
samples make sure that sample
disturbance is minimal.
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• Remove a Schleicher &Schleicher &
Schuell No. 589-WHSchuell No. 589-WH filter paper
from the box using tweezers
(5.5 cm in diameter)

Almost any brand of high permeability and
larger diameter filter paper can be used as
protective filter papers for matric suction
measurements (as shown in the lower left box
and in the picture, about 70 mm in diameter)
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• For matric suction
measurements, insert a
single Schleicher & Schuell
No. 589-WH filter paper in
between two larger in
diameter protective filter
papers as shown on the right

• Using tweezers put the
sandwiched filter papers on
top of the soil sample as
shown on the left
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• Put the other half of
the soil sample on
top, keeping the
sandwiched filter
papers in between
and in intimate
contact with the soil
samples

• Tape the two pieces
of the soil sample
together

NOTE: Electrical
tape works nicely for
this purpose
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• Insert a clean PVC O-ring,
with the sharp edge facing up,
on top of the soil sample for
total suction measurements

• Place two Schleicher & Schuell No.Schleicher & Schuell No.
589-WH589-WH filter papers on top of the
ring as shown on the left

NOTE: Bend the edge of the top
filter paper up a little so that it
will be easy to remove them later!
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• Put the lid on and tape it
tight to prevent any moisture
exchange between the air
inside and the air outside of
the jar

• Label the jar as necessary

• Insert the glass jar into a
well-insulated container
for suction equilibrium

NOTE: Temperature
control is critically
important
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 The setup, as described in the previous
slides, will be kept in a temperature-
controlled environment for at least one week

 Temperature fluctuations should be kept
as low as possible, preferably below ± 1oC
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• Before opening the lid of
the temperature-controlled
container,  take the dry, cold
weight of the moisture tins

• Record all the weights
with their corresponding tin
numbers

NOTE: Use a balance at
least to the nearest 0.0001 g.
accuracy

AT THE END OF AT LEASTAT THE END OF AT LEAST
ONE WEEK OFONE WEEK OF

EQUILIBRIUM PERIOD:EQUILIBRIUM PERIOD:
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• Remove a glass jar
from the temperature-
controlled container

• Time is critical at this
stage and thus it is
suggested that two
people share the work

• The time that the filter
papers are exposed to the
lab environment should
be minimal, preferably
less than a few seconds Note that while one person is

opening the glass jar the other
person is ready to pick up the
filter papers
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• Open the glass jar and
quickly carry the filter
paper to the moisture tin
using tweezers, in less
than a few seconds

• Immediately close the
lid of the moisture tin
with the wet filter paper
inside
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• After closing the lid of
the moisture tin,
immediately weigh the
tin with the wet filter
paper inside

• Record the weight as
cold tare plus wet filter
paper mass

Note that this is a total
suction measurement
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• Continue with the matric suction
measurement by removing the tape
that was holding the soil samples
together

• Remove the filter paper that
was sandwiched between the
two protective filter papers

• Immediately carry the filter
paper to the moisture tin
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• Record the weight as cold
tare plus wet filter paper
mass

Note that this is a matric
suction measurement

• Immediately close the
lid of the moisture tin
and weigh the tin with
the wet filter paper
inside
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• After opening all the glass jars and
recording the weight of the moisture
tins with the wet filter papers inside,
carry them to a hot oven with the
lids half open

• Leave them in the oven for at least
10 hours

• Before taking them out from
the oven, close their lids for
equilibrium and leave them in
the oven for about 5 minutes
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• Remove a hot tin
from the oven and put
on a large aluminum
block

NOTE: The aluminum
block will expedite the
process of the cooling

• Leave the tin on the block for about 20
seconds

• Weigh the hot tin with the dry filter
paper inside

• Record the weight as hot tare plus dry
filter paper mass
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• Finally, take the dry
filter paper out of the
tin

• Weigh the empty hot
tin

• Record the weight as hot
tare mass

• Repeat the above process
for other tins in the oven
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• Calculate the moisture content of each
filter paper for both total and matric
suction measurements.  A calculation
work sheet as given in the next slide can
be used

• Obtain the suction value from the
calibration curve that was provided above
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THE FILTER PAPER METHOD SUCTION MEASUREMENT S WORKSHEET  

Date Sampled:  Date Tested:  

Boring No.:  Tested By:  

Sample No.:  

Depth          

Moisture  Tin  No.:          

Total or Matric Suction          

Top or Bottom Filter Paper          

Cold tare mass, g  Tc         

Mass of wet filter paper + cold 

tare mass, g  
M1         

Mass of dry filter paper + hot 

tare mass, g  
M2         

Hot tare mass, g  Th         

Mass of dry filter paper, g  

(M2 – Th) 
Mf         

Mass of water in filter paper, g 

(M1 – M2 –Tc + T h) 
Mw         

Water content of filter paper, g 
(Mw / M f) 

Wf         

Suction, log kPa  h1         

Suction, pF  h2         

 

SUCTION CALCULATION WORKSHEETSUCTION CALCULATION WORKSHEET

I I I I I t I 
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APPENDIX:APPENDIX:
LABORATORY MEASUREMENTSLABORATORY MEASUREMENTS

OF ALPHA DIFFUSIONOF ALPHA DIFFUSION
COEFFICIENTSCOEFFICIENTS

Texas Transportation Institute
Texas A&M University System

College Station, Texas
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APPARATUS

• Thermocouple Psychrometers
• Sling Psychrometer
• Temperature Control Unit
• A drill-bit, knife, spatula, tape, sealing material

(aluminum foil, plastic wrap, etc.)
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Diffusion Test Setup
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Temperature Control Unit
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Thermocouple Psychrometer
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Psychrometer Calibration
Salt Solutions
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Calibration Curve
Thermocouple Psychrometer: S.N.43311

y = 1.4318x - 1.8953

R
2
 = 0.9976

Note: 1 bar = 100 kPa = 1019.8 cm

pF = log(cm H 2O)
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Wet Bulb Thermometer
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CR7 40-Channel Datalogger
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CR7 40-Channel Datalogger
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Shelby Tube Soil Sample
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Sample Preparation
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Sample Preparation
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Sample Preparation
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Sample Preparation
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Sample Preparation
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Psychrometer Installation
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Psychrometer Installation
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Sample Preparation
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Sample Preparation
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Sample Preparation
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Testing in Progress
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Diffusion Coefficient

Diffusion Coefficient for BHC 2
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Re-Evaluation of Current TxDOT
PVR Procedure with A New

Suction-Based Approach

Rifat Bulut, Ph.D.
Texas Transportation Institute
Texas A&M University System

Foundation Performance Association
Houston, Texas
August 10, 2005
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TxDOT Project Background
(2002-2004)

TTI Project Name: Design Procedure for 
Pavements on Expansive Soils (3 Volumes)

• Volume I – Theoretical Background
• Volume II – Experimental Protocols, 

Case Studies Site Descriptions
• Volume III – Computer Programs Manuals

PI: Dr. Robert L. Lytton
Co-PI: Dr. Charles P. Aubeny
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Outline

• TxDOT PVR Assumptions
• Analysis Program (Flodef)
• Design Program (Winpres)
• Laboratory Testing (Diffusion Coefficient)
• TxDOT Case Studies
• PVR Comparison
• Implementation
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TxDOT PVR Tex-124-E Assumptions

• Soil at all depths has access to water in 
  capillary moisture conditions
• Vertical swelling strain is one-third of the
  volume change at all depths
• Remolded and compacted soils adequately
  represent soils in the field
• PVR of 0.5 inch produces unsatisfactory riding
  quality
• Volume change can be predicted by use of the
  plasticity index alone 
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Analysis Program - Flodef
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Analysis Program - Flodef

Two-Dimensional Transient Analysis
For the Effects of:

• Vertical Moisture Barrier
• Subgrade Material (Lime Stabilized / Inert Soil)
• Median Condition (Paved / Non-Paved)
• Shoulder Condition (Paved / Bare)
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Analysis Program - Flodef

Input

• 2D Cross Section
• Soil Index Properties
• Geographic Location
• Vegetation
• Moisture Controls
• Drainage Conditions

Output • Shrink-Swell versus Time
• Suction versus Time
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Analysis Program - Flodef
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Analysis Program - Flodef



2005 Seminar Robert Lytton Presentation
Foundation Performance Assoc.

272

Analysis Program - Flodef
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Analysis Program - Flodef
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Analysis Program - Flodef



2005 Seminar Robert Lytton Presentation
Foundation Performance Assoc.

275

Analysis Program - Flodef
• FLODEF - " . 

... Vertll:al Prohle Plot Control Scr""n EJ 

S~ChMt T~----------------------------------, 

1--"" 
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Analysis Program - Flodef

Vertical Displacement of Outer Wheel Path, Fort Worth Section C ,Initial Wet 
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Analysis Program - Flodef

Vertical Displacement of Outer Wheel Path, Fort Worth Section A/B, Initial Wet
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Design Program - Winpres

~ ~tl - Miaosof .. , ,*,,1wrAl.ES A j:'j( 6 ·;:t 2 *1:1" 
------------~~ 
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Design Program - Winpres

Input

• Soil Index Properties
• Geographic Location
• Site Drainage and Vegetation
• Pavement Data
• Moisture Controls
• Traffic Data
• Reliability Level

Output
• Shrink-Swell versus Time
• PSI versus Time
• IRI versus Time
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Design Program - Winpres
Barrie r and Whee l Path I Structural Properties 0/ Paverroent I T rallic and Re~_, I Roughness 

Project Inlor,"ationlJiMi';,:,;(j~~~~...,~t!ioii<'~]1 Envir_ and Ge o"",tric I Soil Properties 

Units 

r. U.s. CustoroMY Systero 

r The Inte rn<>tional Syste. (51) 

Pave"",nt T ""'S 

r. Flexible Pave_nts 

r Rigid Pavements 

,." Result 
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Design Program - Winpres
Barrie r and Whee l Path 

Project Inlormation I 

Enlarge 

I Structural Properties 0/ Pavement I Trallic and Be liablity I Roughness I 
Un~s and Pavement Tl'P"s Envi,- and Geornetnc I Soil Properties 

...... ~ ... r .. ( 
- " ) 
~. 

Close 
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Design Program - Winpres
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Design Program - Winpres

Sa"ie< and W heel Path I Structural Pro!,,,rtie. of PaY"ment I Trallic and R e liaoblity I Roughne" I 
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Design Program - Winpres
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Design Program - Winpres
~----------------

Proiect Information 

Barrier and Wheel Path 
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Design Program - Winpres
~~----------------~ 
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Design Program - Winpres
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Design Program - Winpres
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Design Program - Winpres

60.0

80.0

100.0

120.0

140.0

160.0

180.0

200.0

0 5 10 15 20 25 30

Time (yrs)

In
te

rn
a

ti
o

n
a

l 
R

o
u

g
h

n
e

s
s

 I
n

d
e

x
 (

IR
I)

(i
n

/m
il

e
s

)

SN 5.06 in, ACP 4.0 in, LTS 2.5 ft, Inert 2.5 ft

SN 5.28 in, ACP 4.5 in, LTS 2.5 ft, Inert 1.5 ft

SN 5.50 in, ACP 5.0 in, LTS 2.5 ft, Inert 1.5 ft

SN 5.72 in, ACP 4.0 in, LTS 3.0 ft, Inert 1.5 ft

Flexible Pavement

FWD 10,000 psi

Reliability 90 %

ADT (T=  0) 42,850

ADT (T=30) 67,950

W18  8,415,520

IRI versus Time



2005 Seminar Robert Lytton Presentation
Foundation Performance Assoc.

290

TxDOT Case Studies

• Fort Worth District

• Atlanta District

• Austin District
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TxDOT Case Studies
Fort Worth District - North Loop 820
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TxDOT Case Studies
Atlanta District - US 271
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TxDOT Case Studies
Austin - Loop 360
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TxDOT Case Studies

Index Properties
            - Atterberg Limits

- Clay Fraction (Hydrometer analysis)
- Fines Fraction (Wet Sieve)

Suction
- Initial

            - Matric
- Water Content-Suction Curve

Moisture Diffusion Coefficient
- Diffusion Test

From filter paper test}

(From filter paper test and pressure plate apparatus)
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TxDOT Case Studies

Sample  

No. 

Sample  

Depth  

(m) 

Liquid  

Limit  

(%)  

Plasticity  

Index  

(%)  

Percent  

Fines  

(%) 

Initial  

Total  

Suction  

(log kPa)  

Atmospheric  

Total  

Suction  

(log kPa)  

Laboratory  

Measur ements  

! intact  

 (cm
2
/sec)  

1(A1)  3.35-3.66  45 22 84.2  2.38  5.06  5.90E -05 

2(A5)  0.91-1.22  49 30 - 2.02  5.21  7.86E -05 

3(B2)  3.35-3.66  53 32 - 2.30  4.93  9.66E -05 

4(A1)  1.52-1.68  37 17 83.5  1.84  5.06  4.83E -05 

5(C2)  2.74-3.35  37 15 89.9  2.43  4.76  13.1E -05 

6(B1)  0.61-1.07  33 19 76.5  2.45  4.84  10.6E -05 

7(B3)  2.89-3.35  50 29 95.9  2.77  4.76  4.66E -05 
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Sample  

No. 

Sample  

Depth  

(m) 

Liquid  

Limit  

(%)  

Plasticity  

Index  

(%) 

Percent  

Fines  

(%) 

Initial  

Total  

Suction  

(log kPa)  

Laboratory  

Measurements  

!intact  

 (cm
2
/sec)  

Field  

Estimates  

!field  

(cm
2
/sec)  

1(A3)  2.74-3.04  63 43 93.6  2.25  5.05E -05  3.67E -03 

2(B4)  3.96-4.26  45 21 99.4  2.56  1.08E -05  3.90E -03 

3(C1)  0.61-0.91  62 36 99.7  2.28  3.73E -05  3.49E -03 

4(C5)  2.13-2.43  42 19 98.2  2.81  1.73E -05  4.01E -03 

5(B1)  1.07-1.52  47 29 75.3  2.53  5.65E -05  4.11E -03 

6(B2)  1.98-2.43  68 48 91.8  2.39  6.30E -05  3.69E -03 

7(B2)  2.89-3.26  68 48 90.6  2.21  1.07E -04  3.82E -03 

8(B3)  1.07-1.52  49 29 84.9  2.46  3.21E -05  4.05E -03 

 

TxDOT Case Studies
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2.372.972.283.031.002.03CRCP 11.0 inRigid

1.762.080.931.250.540.71
ACP 4.0 in
LTS 2.0 ft
Inert 2.0 ft

FlexibleFrontage
Road

2.102.541.191.790.761.03
CRCP 12.0 in
LTS 2.0 ft

Rigid

1.932.400.931.440.660.78
ACP 4.0 in
LTS 2.8 ft

FlexibleMain
Lanes

Outer+EdgeTotalTotShrinkSwell

PVR
(in)

Movements in
outer Wheel

Path (in)

Movements at the Edge of
Pavement (in)

Acceptable
Pavement

Design*

Type of
Pavement

Case
Study

Location

Subgrade Movements for the Pavement Design with Minimum
Acceptable Predicted Performance, Austin, Loop 1 
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Summary

• Total movement controls the rate of
  increase in roughness

• Shrink prediction alerts the designer
  to longitudinal cracking 
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Summary of Comparisons

PVR:

• Over-predicts swell
• Neglects shrink
• Overly conservative designs
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IMPLEMENTATION

Three TxDOT Laboratories:

• Dallas-Fort Worth
• Austin
• Bryan
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IMPLEMENTATION

 Laboratory Testing Equipment
• Filter Paper Method
• Thermocouple Psychrometer
• Transistor Psychrometer

 Training Courses
• Computer Programs
• Analysis and Design
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THANK YOU!

Rifat Bulut, Ph.D.
Texas Transportation Institute
Texas A&M University System

(r-bulut@tamu.edu)
(rifat.bulut@gmail.com)





PREDICTION OF MOVEMENT IN EXPANSIVE CLAYS 
Robert L. Lytton, Fellow, ASCE * 

Abstract 

The movement of expansive soils is usually due to a change of suction 
near the soil surface. The properties of the soil that govern the amount and 
rate of movement are the suction compression index, and the unsaturated 
permeability and diffusivity. Methods of using these to determine suction and 
heave (or shrinkage) profiles with depth are outlined. Methods of estimating 
these properties using simple laboratory tests, namely Atterberg limits, water 
content, dry density, porosity, sieve analysis, and hydrometer analysis are 
presented. Differential movement governs the design of slabs-on-ground, 
highway and airport pavements and canal linings, which are themselves 
controlled by the edge moisture variation distance as it changes with the 
unsaturated diffusivity and the Thornthwaite Moisture Index are presented for 
both the center lift and edge lift distortion mode. The values were computed 
using a coupled unsaturated moisture flow and elasticity finite element 
program which had been calibrated to match reasonably well the measured 
suctions in an extensive field study involving several pavement sites in a 
number of different climatic zones in Texas. 

Introduction 

The prediction of movement in expansive soils is important principally 
for the purpose of designing foundations or other ground supported structural 
elements. In design, the principal interest is in making an accurate estimate 
of the range of movement that must be sustained by the foundation. It is for 
that reason that envelopes of maximum heave and shrinkage are important 
for design purposes. For slab-on-ground design, differential movements are 
important. For highway and airport pavements, canals, and pipelines, the 
wave spectrum of differential movements versus wave lengths are the 

* A.P. and Florence Wiley Professor of Civil Engineering, Texas A&M 
University, College Station, Texas 77843 



desirable design characteristic. Structural floors suspended above expansive 
clays must be provided with a gap that exceed the total expected heave. 
Drilled piers (or shafts) must be designed to resist simultaneously a vertical 
movement profile and a horizontal pressure profile, both of which change with 
wetting and drying conditions. Retaining structures, basement walls, rip rap, 
and canal linings must be designed to withstand lateral movements. Finally, 
all foundations must be designed against the time-dependent vertical and 
horizontal curvature that is generated by down hill creep. 

Each of these types of movement is of sufficient importance and 
complexity to warrant a separate paper of its own. Differential movement is 
selected as the topic of this paper principally because it involves the 
prediction of the total movement at two different locations which are 
separated by a characteristic distance. This distance depends upon how 
pervious the soil is. Understanding differential movement and how to predict 
heave and shrinkage envelopes of it provides much of the information needed 
for most types of foundation design. 

This paper provides results of a multiple year study of differential 
movements of pavements on expansive soils as they are affected by vertical 
moisture barriers, and of a computer study of the horizontal zone of influence 
that is affected by changes of moisture. The first section presents a summary 
of the theoretical relationships between volume change, suction change, and 
total stress changes. The second section summarizes material property 
relationships that were developed during the vertical barrier study. The 
material properties that can be predicted are the volume change coefficients, 
unsaturated permeability and diffusivity, and characteristics of the suction
versus-water content relation. The third section presents the results of the 
computer study of the size of the moisture influence zone for edge lift and 
center lift conditions. The concluding section comments upon the significance 
of these results for the prediction of differential movements. 

Expansive Clay Volume Change 
Movements in expansive soils are generated by changes of suction which 

is brought about by the entry or loss of moisture. The volume change that 
accompanies the change of suction (and water content) depends upon the 
total stress states that surround the soil. Within a soil mass, a decrease of the 
magnitude of suction results in an increase of water content. The volume of 
the soil also increases unless the surrounding pressure is sufficient to restrain 
the swelling. 

Suction is defined by the Kelvin equation: 

h = RT In H 

where: h = 
R = 
T = 
m = 

mg 100 

the total suction in gm-cm/gm, a negative number. 
the universal gas constant, 8.314 x 107 ergs-K/mole. 
absolute temperature, degrees K. 
gram-molecular weight of water, 18.02 gm/mole. 

(1) 



g 
H 

= 

= 
981, conversion from grams mass to grams force. 
relative humidity, in percent. 

A complete discussion of suction is found in a book by Fredlund and 
Rahardjo (1), and will not be explained in more detail here. 

A common measure of suction is the pF-scale, in which pF is defined as: 

(2) 

where: I h I the magnitude of suction, a positive value. 

Figure 1 illustrates the suction-vs-water content curve for a natural soil 
under wetting and drying conditions. Hysteresis is commonly observed 
between these two conditions with the water content upon wetting being lower 
than that upon drying at the same level of suction. The relation between the 
soil volume and water content rises from the dry volume to its maximum 
value around field capacity as long as it is not constrained from doing so by 
external pressure. When the water content is above the shrinkage limit, the 
volume change-vs-water content line is roughly parallel to the zero air voids 
line, gaining one cubic centimeter of volume for each cubic centimeter of 
water increased. Various suction levels corresponding to the field capacity 
(PF =2.0); plastic limit (pF = 3.5 for clays); wilting point for plants (pF = 
4.5); tensile strength of water (pF = 5.3); air dry at 50% relative humidity (pF 
- 6.0); and oven dry (pF - 7.0) are marked on the suction-vs-water content 
curve. 

A graph of suction-versus-volume can be drawn using the relations of 
each to water content. This is illustrated in Figure 2 on the plane 
corresponding to zero pressure. A similar graph can be drawn relating 
pressure (total stress) - versus-volume on the plane corresponding to zero 
suction. The simultaneous change of the magnitude of suction (decrease) and 
pressure (increase) results in a small change of volume, following the path 
from Point A to Point C on the pressure-suction-volume surface. The 
magnitude of suction decreases from Point A / to Point B / while the pressure 
increases from Point B / to Point C /. The volume change process can be 
viewed as the net result of two processes: 

a. Increase of volume from A to B at constant pressure. 
b. Decrease of volume from B to C at constant suction. 

For small increments of volume change on this surface, the volume 
strain, .6. V IV, is linearly related to the logarithms of both pressure and 
I suction I. The general relation between these, and a change of osmotic 

suction, 7r, is: 

.6. V 
V 

(3) 
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Figure 2. Pressure-Suction-Volume Surface for Expansive SoiL 



in which: 

.1 V IV = the volume strain. 
hj,h f = the initial and final matrix suction. 
CTi,CTf = the initial and final values of mean principal stress. 
?rj,?rf = the initial and final values of osmotic suction. 
'Yh = the matrix suction compression index. 
'Yu = the mean principal stress compression index. 
'Y~ = the osmotic suction compression index. 

The mean principal stress compression index is related to the commonly 
used compression index, Cc, by: 

'Yo -

where: 

Cc 
l+e o 

eo = the void ratio 

(4) 

In order to predict the total movement in a soil mass, initial and final 
values of matrix suction, osmotic suction, and mean principle stress profiles 
with depth must be known. It is the change of matrix suction that generates 
the heave and shrinkage while osmotic suction rarely changes appreciably, and 
the mean principal stress increases only slightly in the shallow zones where 
most of the volume change takes place. It is commonly sufficient to compute 
the final mean principal stress, CTf, from the overburden, surcharge, and 
foundation pressure and treat the initial mean principal stress, CTi' as a 
constant corresponding to the stress-free suction-vs-volume strain line 
represented by Equation (3). Because there is no zero on a logarithmic scale, 
CTi may be regarded as a material property, i.e., a stress level below which no 
correction for overburden pressure must be made in order to estimate the 
volume strain. It has been found to correspond to the mean principal stress 
at a depth of 40 cm. This is illustrated in Figure 3. 

The mean principal stress is estimated by: 

1+2K 
( 0) 

3 CTz CT == 

where: 
CTz = the vertical stress at a point below the surface 

in a soil mass. 
K = the lateral earth pressure coefficient. 

(5) 

With an active soil which can crack itself in shrinking and generate large 
confining pressures in swelling, the lateral earth pressure, Ko, can vary 
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Stress I Surface. 



between 0.0 and passive earth pressure levels. Typical values that have been 
backcalculated from field observations of heave and shrinkage are as follows: 

~ = 0.00 when the soil is badly cracked. 
~ = 0.33 when the soil is drying. 
~ = 0.67 when the soil is wetting. 
~ = 1.00 when the cracked are closely and the 

soil is swelling. 

The vertical strain is estimated from the volume strain by using a crack 
fabric factor, f. 

Mf = j(f:..V) 
H V 

(6) 

Backcalculated values of fare 0.5 when the soil is drying and 0.8 when 
the soil is wetting. The level to which the lateral pressure rises is limited by 
the Gibbs free energy (suction) released by the water; the level to which it 
drops on shrinking is limited by the ability of the water phase to store the 
released strain energy. The total heave or shrinkage in a soil mass is the sum 
of the products of the vertical strains and the increment of depth to which 
they apply, f:..z j. 

where: 

n = the number of depth increments. 
f:..Zj = the ith depth increment. 

(f:..;)i = the volume strain in the ith depth increment. 

(7) 

The principal material property needed to compute the vertical 
movement is the suction compression index, 'Yn. This may be estimated with 
the chart developed by McKeen (2), shown in Figure 4. The two axes are 
given by the activity ratio, Ac, and the Cation Exchange Activity ratio, CEAc, 
which are defined as follows: 

= 
Ac 

PI% 

(%-2 micron) x 100 
(%-No.200 sieve) 

(8) 
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= 

CEAc 

where: 

CEC milliequivalents 
100 gm of dry soil 

__ ~~(_%~-~2_m~ic~ro_n~)~ __ x 100 
(%- No. 200 sieve) 

PI = the plasticity index in percent. 

(9) 

The denominator of both activity ratios is known as the "percent fine 
clay" and represents that percent of the portion of the soil which passes the 
No. 200 sieve which is finer than 2 microns. 

The Cation Exchange Capacity (CEC), may be measured with a 
spectrophotometer (3) or it may be estimated with sufficient accuracy by 
Equation (10) which was developed by Mojeckwu (3): 

CEC == (PL% )1.17 (10) 

The regions on the chart each have a volume change guide number 
corresponding to the suction compression index of a soil with 100 percent fine 
clay. Values of the guide numbers are given in Table 1. The actual suction 
compression index is proportional to the actual percent of fine clay in the soil. 
Thus the actual 'Yh is: 

( % - 2 micron) 
y h - Yo x % _ No. 200 

for the soil portion finer than the No. 200 sieve. 

(11) 

The mean principal stress compression index, 1'", is related to 'Yh by the 
following equation: 

1 
Yh------

h 
1+ ----

e (ah) 
ae 

where: e = the volumetric water content. 

(12) 

ah = the slope of the suction-versus-volumetric water content ae 
curve. 

Suction Profiles 
For design purposes, it is desirable to compute the total heave that 

occurs between two steady state suction profiles, one given by a constant 
velocity of water entering the profile (low suction levels due to wetting) and 
the other given by a constant velocity of water leaving the profile (high 



Table 1. Values for a Soil with 100% Fine Clay Content. 

Region Volume Change 
'Yo Guide Number 

I 0.220 
II 0.163 

IlIA 0.096 
IIIB 0.096 
IVA 0.061 
IVB 0.061 
VA 0.033 
VB 0.033 

suction levels due to drying). Steady state conditions are given by Darcy's 
law: 

aH 
v - -k (-) az 

(13) 

The total head, H, is made up of the total suction, h, and the elevation head, 
Z: 

H = h + Z 

The gradient of total head is: 

aH = ah + 1 
az az 

Solving for the change of suction as a function of the change of 
elevation gives: 

v ah = -az (1+-) 
k 

(14) 

(15) 

(16) 

Use of Gardner's equation (4) for the unsaturated permeability gives: 

M = -flZ [ 1+ ~ (1+ a liz In) ] 
ko 

where a, n = 10-9
, 3.0 typically. 

ko = saturated permeability, cm/sec. 

(17) 

The sign of the velocity, v, is positive for water leaving the soil (drying) 
and negative for water entering the soil. Using Mitchell's equation (5) for the 
unsaturated permeability gives: 
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v (h Mt - -AZ [ 1 + - -)] 
ko ho 

(18) 

where ho = about -200 cm. in clays. 

Mitchell's expression takes into account, to some extent, the increased 
permeability of the soil mass due to the cracks that become open at high 
suction levels. This is illustrated in Figure 5 which contrasts the permeability 
of intact soil with the Mitchell unsaturated permeability formulation. The 
increased permeability due to cracks begins to develop at approximately a pF 
of 3.5. 

The velocity of water entering or leaving the soil may be estimated from 
Thornthwaite Moisture Index moisture balance computations (6). 

The suction profiles for two transient states can be predicted 
approximately using: 

U(Z,t) = U
e 

+ U
o 

exp( -V n7r Z) cos(27rnt - V n7r Z) (19) 

where: 

n = 

a = 

t = 

a a 

the equilibrium value of suction expressed as pF. 
the amplitude of pF (suction) change at the ground surface. 

the number of suction cycles per second (1 year = 31.5 x 106 

seconds). 
the soil diffusion coefficient using Mitchell's unsaturated 
permeability (ranges between 10-5 and 10-3 cm2/sec). 
time in seconds. 

Tables of values of Ue and Uo for clay soils with different levels of 
Mitchell's unsaturated permeability have been found using a trial and error 
procedure. The dry suction profile has a Ue-value of 4.5 and a Uo-value of 
0.0. The wet suction profile has Ue and Uo-values that vary with the soil type 
and Thornthwaite Moisture Index. Typical values are shown in Table 2. 



Table 2. Wet Suction Profile Values 

Thornthwaite Mitchell 
Moisture Unsaturated Ue Uo 

Index Permeability (PF) (PF) 
cm2/sec 

-46.5 5 x 10-5 4.43 0.25 
10-3 4.27 0.09 

-11.3 5 x 10-5 3.84 1.84 
10-3 2.83 0.83 

26.8 5 x 10-5 3.47 1.47 
10-3 2.79 0.79 

Values of n are 1 cycle per year for all Thornthwaite Moisture Indexes 
(TMI) less than -30.0 and 2 cycles per year for all TMI greater than -30.0. 

Equation 16 shows that the equilibrium suction profile corresponds to 
a vertical velocity of zero and that it has a slope of 1 cm more negative 
suction for every 1 cm higher in elevation. 

Use of Mitchell's unsaturated permeability formulation in a finite 
element simulation of suction changes on each side of a vertical moisture 
barrier produced reasonable predictions of the measured values except in the 
vicinity of cracks that were open to the air. The pattern of measured versus 
predicted suctions are as shown in Figure 6. Actual data for a monitoring site 
near Seguin, Texas are shown in Figure 7. A crack that is open to the 
atmosphere gets much wetter and drier with fluctuations of the weather than 
does the cracked soil in which the cracks are not open to the air. The close 
correspondence between the predicted and measured values of suction in all 
other instances lends support to the practical use of Mitchell's unsaturated 
permeability . 

The values of the equilibrium suction Ue that may be used to estimate 
suction profiles vary with the Mitchell unsaturated permeability, p( cm2 

/ sec), 
and the Thornthwaite Moisture Index. Typical values are in Table 3. 

Heave (or shrinkage) from a present condition in the soil uses as the 
initial value of suction, hi, the value measured from samples taken. The 
suction can be measured by any of a number of acceptable means. The filter 
paper method is the simplest. 

If the suction profile is not controlled by the evapotranspiration at the 
soil surface but by a high water table, this fact can be discovered by 
measuring the suction on a Shelby tube sample. If the magnitude of the 
suction is lower than that expected when the suction profile is governed by 
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Table 3. Equilibrium Suction Values, Ue 

Mitchell Unsaturated Permeability, cm2/sec 

TMI 

-46.5 
-30.0 
-21.3 
-11.3 
26.8 

..... 5-xlO-5 · 

I )l10-3 

4.27 
3.80 
3.42 
2.83 
2.79 

2.5 X 10-4 

4.32 
3.95 
3_64 
3.10 
3.05 

-~ 
5,x10-5 

4.43 
4.29 
4.20 
3.84 
3.47 

surface evapotranspiration, then it is controlled by a high water table. This 
will usually be within about 10 m (30 feet) of the surface. 

If the suction is higher than expected then there is osmotic suction 
present. Osmotic suction levels may be measured with vacuum desiccators. 

Estimates of Unsaturated Soil Properties 
The fundamental definition of p is : 

where: 

I ho I = 200 cm for clays. 

(20) 

The units of km the saturated permeability, (cm/sec), and I ho I , the 
suction at which the soil desaturates (cm) produce units of (cm2/sec) for the 
Mitchell unsaturated permeability. 

The Mitchell unsaturated permeability, p, is estimated by: 

where: 

p = 
01."1 d ( em 2) 

IS I'Yw sec 

"Iw = the unit weight of water. 
01. = the Mitchell diffusion coefficient, cm2/sec., which 

is used in Equation (19). 
I S I = the absolute value of the slope of the pF-vs-gravimetric 

water content, w line. 



'Y d = the dry unit weight of the soil. 
The value of at can be estimated from: 

at = 0.0029 - 0.000162(S) - 0.0122( 'Yh) 

The value of S is negative and can be estimated from: 

where: 

S = -20.29 + 0.1555 (LL%) - 0.117 (PI%) 
+ 0.0684 (% - #200) 

LL = the liquid limit in percent. 
PI = the plasticity index in percent. 

-#200 = the percent of the soil passing the #200 sieve. 

(21) 

(22) 

The slope of the suction-versus-volumetric water content curve is given 
by: 

(ah) = 

an 0.4343 'Y d 

_1_ S 'Yw h (23) 

Because both Sand h are negative, the slope is inherently positive as 
illustrated in Figure 1. The correction term in the relation between 'Yh and 'Y q 

given in Equation (12) is found by: 

h 

where: 

0.4343 
Sw 

w = the gravimetric water content. 

Because S is negative, so is the correction term. 

(24) 

An approximate suction (pF)-versus-volumetric water content curve can 
be constructed with the empirical relationships given above and the saturated 
volumetric water contents given in Table 4. The construction is illustrated in 
Figure 8. First, point A is located at the intersection of the field capacity 
volumetric water content ( = 0.88 8 gat) and a pF of 2.0. Second, a line with 
a slope of S'Yw/'Yd is drawn from point A to its intersection with the vertical 
axis. Third, point C is located at a volumetric water content of 0.10 8 sat and 
the tensile strength of water (pF = 5.3 or 200 atmospheres). Fourth, point 
D is located at zero water content and a pF of 7.0, corresponding to oven dry. 
Fifth, a straight line is drawn between points C and D to its intersection with 
the first line. 
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This construction makes it possible to estimate water contents once the 
computed suction profiles are known. This allows measured water contents 
to be compared with the predicted values. 

Table 4. Ranges of Saturated Volumetric Water Content (7) by Unified 
Soil Class. 

Unified Class 

GW 
GP 
GM 

GM-GC 

SW 
SP 
SM 

SW-SP 
SP-SM 
SM-SC 

ML 
CL 

ML-CL 
ML-OL 

CH 

* 8 sat = n (porosity) 

Differential Movement 

Ranges of 
8

sat
* 

0.31 - 0.42 
0.20 

0.21 - 0.38 
0.30 

0.28 - 0.40 
0.37 - 0.45 
0.28 - 0.68 

0.30 
0.37 
0.40 

0.38 - 0.68 
0.29 - 0.54 
0.39 - 0.41 
0.47 - 0.63 

0.50 

Differential movement which affects the performance of a ground
supported slab may take numerous shapes but the most important shapes for 
design purposes are those which generate the maximum values of m<;>ment, 
shear, and differential deflection of the slab. The two shapes that can be 
generated by water entering or leaving the soil beneath a slab are the edge 
lift and center lift conditions. 

If a slab is cast on dry ground, the entire slab may move upward 
until an equilibrium suction profile is established, after which the edges will 
move up and down in response to the seasonal changes. If the same slab 



were cast on wet ground, the entire slab will move downward until an 
equilibrium profile is established. Once more, the edges will move up and 
down in response to the seasonal moisture changes. Thus, a major concern 
for design is whether these seasonal movements will cause moment, shear, and 
differential deflections that exceed the capacity of the designed slab cross
section. The distance within which these changes take place has been named 
the "edge moisture variation distance". An empirical relation between this 
distance and the Thornthwaite Moisture Index has been used in the Post
Tensioning Institute Manual for the Design and Construction of Post
Tensioned Slabs-on-Ground. Because it is known that the "edge moisture 
variation distance" depends upon the permeability of the soil as well, it is 
important to determine that relation. 

The calibrated finite element program with coupled transient moisture 
flow and elasticity that had been used in the study of vertical moisture 
barriers provided an ideal means to study the edge moisture variation 
distance. A full range of ex and p values were used to determine the relation 
of the moisture distance and the Thornthwaite Moisture Index and 
unsaturated soil properties. Both edge lift and center lift conditions were 
explored using several hundred runs with the program. Center lift conditions 
were simulated by a one year dry spell following a wet suction profile 
condition. Edge lift conditions were simulated by a one year wet spell 
following a dry suction profile condition. The edge moisture variation 
distance was considered to be that distance between the edge of the 
foundation and the point beneath the covered area where the suction changed 
no more than 0.2 pF during the entire period of simulation. 

The dry and wet conditions used annual suction variation patterns that 
were appropriate for each of nine different climatic zones ranging from a 
Thornthwaite Moisture Index of -46.5 to + 26.8, spanning the range found in 
Texas. The resulting edge moisture variation distances are shown in Figures 
9 and 10. Seven different soils were used in the study. No distance less than 
2.0 feet (0.6m) was considered to be adequate for design purposes. 

In Figure 9 for the center lift condition, Soils No.1, 2, and 3 are highly 
pervious and Soils No.5, 6, and 7 are practically impervious. Only soils 
between No.3 and No.4 have edge moisture variation distances in the range 
presently used in the PTI manual. 

In Figure 10 for the edge lift condition, Soils No.5, 6, and 7 are 
practically impervious while Soils No.2, 3, and 4 have edge moisture variation 
distances in the range presently used in the PTI manual. Soil No. 1 is more 
pervious and outside the range presently used in the PTI manual. 

The edge moisture variation distances of soils with unsaturated 
permeabilities different than these seven soil types can be found by 
interpolation on these two figures. The edge moisture variation distance in 
center lift mode, in which the soil around the edge of the slab is drier than 
the soil supporting it, is more sensitive to changes in the unsaturated 
permeability than with the edge lift mode. 
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Conclusions 
Simple laboratory tests can be used to determine important properties 

of expansive soils including the compression indices due to matrix suction and 
mean principal stress, the slope of the suction-versus-water content curve, and 
the unsaturated permeability and diffusivity. The tests are the Atterberg 
limits, hydrometer test, water content, dry density, and sieve analysis. 

Prediction of differential movement depends strongly upon the edge 
moisture variation distance which, in turn, depends upon the Thornthwaite 
Moisture Index and the unsaturated permeability of the soil. Tree roots 
penetrating beneath the edge of a building will have a zone of moisture 
influence beyond the edge of the root zone equal to the edge moisture 
variation distances shown in Figures 9 and 10. This explains the unusually 
destructive effect that trees have when they grow near enough to the edge of 
a foundation to have their roots intrude beneath the edge. It also explains the 
effectiveness of vertical root and moisture barriers around the perimeter of 
the foundation in reducing the moisture variation distance and the differential 
movement. A vertical barrier carried to a depth of a 4 feet (1.2 meters) 
excludes many roots, makes the edge moisture variation distance predictable, 
and reduces the differential movement that a foundation must be designed to 
withstand. 
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RANGES OF SUCTION
 
 The following scale is presented as a guide in determining reasonable levels of 
suction for estimating differential and total heave and shrinkage. 
 
 

7 Oven Dry 
 
 
6      Air Dry (Relative Humidity = 50%) 
 
 
5          
           Wilting Point (pF = 4.5) 
 
 
4   
            Plastic Limit of Clays (pF = 3.5) 
 
 
3  
 
            Wet Limit of Clay in the Field (pF = 2.5) 
 
 
2 Field Capacity (wettest soil in the field) 
 
 
1           Liquid Limit 
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CONVERSION OF UNITS 
 
 Geotechnical laboratories may report suction measurements in a variety of units, 
especially with metric conversion going on in the United States.  The following is to make it 
easy to convert from any one system of units into the pF – scale that is used in the VOLFLO 
program. 
 
CONVERSIONS TO pF 
 
     pF = log10 (kPa) + 1.009 
 
 pF = log10 (Tsf) + 2.990 
 
 pF = log10 (psi) + 1.847 
 
 pF = log10 (psf) + 0.311 
 
 
CONVERSIONS TO cm OF SUCTION 
 
  lb cm⎛ ⎞
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2

2

    =      70.37   

    =      977.36 

    =      10.21    

    =      0.4887  

cm x
in psi

T ccm x m
ft T

cmcm kPa x
kPa

cmcm psf x

sf

psf

⎜ ⎟
⎝ ⎠

⎛ ⎞
⎜ ⎟
⎝ ⎠

⎛ ⎞
⎜ ⎟
⎝ ⎠

⎛ ⎞
⎜ ⎟
⎝ ⎠
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Typical Suction Levels 
 
Air Dry      -   6.0 pF 
 
Drying in Grass and Tree Root Zones  -   4.5 pF 
 
Plastic Limit in Fat Clays    -   3.5 pF 
 
Natural Water Content in Clays   -   3.2 – 3.7 pF 
 
Clay Wet Limit     -   2.5 pF 
 
Liquid Limit      -   1.0 pF 
 
pF  =  log 10 (suction in cm) 
 
Flow of Water in Clays 
 
Horizontal Flow 

 
  ∆h v⎛ ⎞

 
 
Vert

 

 
 
 
 
 
 
 

v = k                 h  =  x  
∆x k

 velocity = out of the soil
-  velocity = into the soil

h  =  change in suction, in cm
x  =  change of horizontal location, in cm

∆ ∆ ⎜ ⎟
⎝ ⎠

+

∆
∆

 

ical Flow 
 
  h v∆⎛ ⎞ ⎛ ⎞
  
 
 
 
 
 
 
 
 

v  =  -k  + 1           h  =  z  + 1
z k

Same sign convention on velocity flow direction
h  =  change in suction, in cm
z  =  upward change in elevation, in cm

Note:  when v = 0, h/ z = 

∆ ∆⎜ ⎟ ⎜ ⎟∆⎝ ⎠ ⎝ ⎠

∆
∆

∆ ∆ -1.
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Permeability 
 

cm -200cm⎡ ⎤

 
Volu
 
Perce
 
1.  Sw
 

v
    h
    h
    σ

∆⎛
⎜
⎝

i

     

    

     

π , 

σ

 

    γ

∆⎛
⎜
⎝

 
Note
 
 
2.  Sh
 

 

 
        
        
        

 

 
 
 
 
 

( )
-6k  =  2 x 10   

sec -h cm

h  =  value of suction, cm

⎢ ⎥
⎣ ⎦  

me Change in Clays 

nt Volume Change 

elling    matrix suction  overburden +   osmotic suction 
           swelling term  surcharge correction  swelling term 

 
h πv σ⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎞
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

f f
h 10 h 10 o 10

i i

f

i

i

   =        - γ  log         -  γ  log                     -  γ  log  
h π

     =  final matrix suction, cm.
     =  initial matrix suction, cm.
  

σ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎟
⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠

f

i

( )
( )

cm
3t

2
f

o
t

f

  =  overburden correction constant
gm                 40  x γ   cm

    =  mean pressure in g cm  at depth z

1 2 K                below 40 cm  = γ
3

π    =  initial and f

⎡ + ⎤⎛ ⎞
⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

h

inal osmotic suction, cm.
v  =  volume change percent (in decimal form)

v
    =  volume change coefficient

⎞
⎟
⎠

 

:      Overburden and surcharge correction term is NOT applied above 40 cm or 
   Below where it exceeds the swelling term or when it is the same sign. 

rinking

f f
h 10 h 10 o 10

i i

h π∆v    =    - γ  log            + γ  log              - γ  log  
v h π

σ
σ

⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞
⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠
f

i

 

                         shrinking term            overburden and               osmotic suction 
                                                            surcharge correction        shrinkage term 
                                                            term 
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3.  Lateral Earth Pressure Coefficient 
 

  
oK   =  0.0 when there are many cracks in the soil

 
4. 
 

 
5. 
 

 

o

o

o

K   =  1/3 when the soil is drying out
K   =  2/3 when the soil is wetting up
K   =  1.0 when the cracks are closed tightly

 
 
 
 
 
 

 Vertical Volume Change at Depth, z

  ∆H v∆⎛ ⎞ ⎛ ⎞
  =  f 
H v

f  =  0.5 when soil is drying out
f  =  0.8 when soil is wetting up

⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

 
 
 
 
 

 Total Heave or Shrinkage

  
n H∆⎛ ⎞  
( )m

i=1

y   =                    z
H

                         vertical         vertical
                         volume          increment, cm
                         change
VolumeChangeCoefficient,

∆⎜ ⎟
⎝ ⎠

∑

( )

h γ

    Need to know :   1.  PI%, LL%
                               2.  % Fine Clay
1.   PI(%)  =  Liquid Limit (LL) - Plastic Limit (PL)

% Passing 2µ  size
2.  % Fine Clay =  x 100

% Passing (#200) size

3.   PI (%)Activity Ratio, AC  =  
% Fine Clay  
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Mineral ClassificationMineral Classification

Note:  No soil should plot above U-Line

Referred 
to as 

Zone 7 in 
VOLFLO
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Suction Compression Index – γoSuction Compression Index – γo
Zone II Chart

Note:  There is no chart for “Zone 7”.  PTI 
recommends γo = 0. 01 for this zone. 
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 LL(%)

 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

o

h

o

4.  Liquid Limit Activity  =  
% Fine Clay

5.  Volume Change Guide Number (From Chart), γ

6.  Volume Change Coefficient, γ
                    = % Fine Clay (decimal) x γ

Example Problem - Equilibrium Suction Profile

    No vertical flow:   v = o
h                               = - 1
z

    Suction at 8 ft:  pF 3.2 = - 1584 cm

h c    Suction at Surface - 1584 cm +  x 8' x 30 
z f

            

∆
∆

∆⎛ ⎞
⎜ ⎟∆⎝ ⎠

m
t

cm cm

cm

cm                     = -1584  + -1  x 240
cm

                                 = - 1824

⎛ ⎞
⎜ ⎟
⎝ ⎠

 

                             pF 3.26 
                            - 1824cm

 

- 1584cm 

240cm

1 

1

- pF 3.2 
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Example Problem - Volume Change

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

               LL = 76%
               PL = 22%       = Soil Zone II
                PI = 54
% Fine Clay = 60%
               AC = 54/60 = 0.90
           LLAC = 76/60 = 1.27

o

h

o

cm

        Zone II
                 γ  = 0.15                    From Chart No. II
                 γ  = 0.15 x 0.60 = 0.09
    Assume γ  =                    = 0.09
         Dry pF = 4.20 (-15984 )
       ( )cm

f f
h 10 σ 10

i i

cm
i t

f 

  Wet pF = 2.60 -398

hv           = - γ  log   - γ  log  
v h

H v              = f 
H v

f  =  0.5 (Drying)             σ  = 40  x γ

f  =  0.8 (wetting)             σ = 2

σ
σ

⎛ ⎞ ⎛ ⎞∆⎛ ⎞
⎜ ⎟ ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠ ⎝ ⎠
∆ ∆⎛ ⎞

⎜ ⎟
⎝ ⎠

t

cm
f

i

1 + 2Ko  x  γ  x 
3

                                        Ko = 1 (Assume)

z                                    = 
40

      
     

σ
σ

⎛ ⎞
⎜ ⎟
⎝ ⎠

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
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Drying 
 

pF 4.20                      pF 3.26 
-15,984cm                 -1824cm

Equilibrium Suction Profile 

240cm

 
                                                                                                                    Drying 

-1584cm

pF 3.20 

                                                                       
 
 
 Depth, cm 

 
ih ,  cm

 
fh ,  cm

 
-γ

0’ 0 -1824 -15984
 20 -1804 -14784
 40 -1784 -13584
2’ 60 -1764 -12384
 80 -1744 -11184
 100 -1724 -9984 
4’ 120 -1704 -8784 
 140 -1684 -7584 
 160 -1664 -6384 
6’ 180 -1644 -5184 
 200 -1624 -3984 
 220 -1604 -2784 
8’ 240 -1584 -1584 
    
    
 
 
 
 
 

h σγ   =    =  0.090                      fγ   =  0.5  

 

  

 
  

h 10
hf log
hi

⎛ ⎞
⎜ ⎟
⎝ ⎠

 

10 
i

σfγσ log
σ

⎛ ⎞
+ ⎜ ⎟

⎝ ⎠

∆v
v

⎛ ⎞
⎜ ⎟
⎝ ⎠

 

 

∆H
H

⎛ ⎞
⎜ ⎟
⎝ ⎠

 

 
-0.0848  -0.0848 -0.0424 
-0.0822  -0.0822 -0.0411 
-0.0793  -0.0793 -0.0397 
-0.0762 0.0158 -0.0604 -0.0302 
-0.0726 0.0271 -0.0455 -0.0228 
-0.0686 0.0358 -0.0328 -0.0164 
-0.0641 0.0429 -0.0212 -0.0106 
-0.0588 0.0490 -0.0098 -0.0049 
-0.0526 0.0542   
-0.0449 0.0588   
-0.0351 0.0629   
-0.0216 0.0666   
-0.0000 0.0700   

 Assume   
 Ko = 1   
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Depth, cm ∆H
H

⎛ ⎞
⎜ ⎟
⎝ ⎠

 
H, cm ∆H, cm  ym

0 -0.0424 10 -0.424 3.738 cm 1.47in
20 -0.0411 20 -0.822   
40 -0.0397 20 -0.794   
60 -0.0302 20 -0.604   
80 -0.0228 20 -0.456   
100 -0.0164 20 -0.328   
120 -0.0106 20 -0.212   
140 -0.0049 20 -0.098   
160      
180      
200      
220      
240      
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                                    Wetting 
       h σγ   =  γ   =  0.090                                 f  =  0.8
 
 Depth, cm 

 
ih ,  cm

 
fh ,  cm

 h 10
hf-  log
hi

γ ⎛ ⎞
⎜ ⎟
⎝ ⎠

 

10 
i

σfγσ log
σ

⎛ ⎞
− ⎜ ⎟

⎝ ⎠

∆v
v

⎛ ⎞
⎜ ⎟
⎝ ⎠

 

 

∆H
H

⎛ ⎞
⎜ ⎟
⎝ ⎠

 

 
0’ 0 -1824 -398 +0.0595  +0.0595 0.0476 
 20 -1804 -497 +0.0504  +0.0504 0.0403 
 40 -1784 -596 +0.0429  +0.0429 0.0343 
2’ 60 -1764 -694 +0.0365 -0.0158 +0.0207 0.0166 
 80 -1744 -793 +0.0308 -0.0271 +0.0037 0.0030 
 100 -1724 -892 +0.0258 -0.0358   
4’ 120 -1704 -991 +0.0212 -0.0429   
 140 -1684 -1090 +0.0170 -0.0490   
 160 -1664 -1189 +0.0131 -0.0542   
6’ 180 -1644 -1287 +0.0096 -0.0588   
 200 -1624 -1386 +0.0062 -0.0629   
 220 -1604 -1485 +0.0030 -0.0666   
8’ 240 -1584 -1584 0.0000 -0.0700   
     Assume   
     Ko = 1   
 
 

240cm

Equilibrium 
Suction 
Profile 

pF 3.26 pF 2.60 
-1824cm -398cm

-1584cm

pF 3.2 
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Wetting (Continued) 
 
 
Depth, cm ∆H

H
⎛ ⎞
⎜ ⎟
⎝ ⎠

 
H, cm ∆H, cm  ym, cm 

0 +0.0476 10 0.476 2.360cm = 0.93in 
20 +0.0403 20 0.806  
40 +0.0343 20 0.686  
60 +0.0166 20 0.332  
80 +0.0030 20 0.060  
100     
120     
140     
160     
180     
200     
220     
240     
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Wetting With Open Cracks 
 

 h
wettingγ   =  γσ  =  0.090                           
f  =  0.8

 

 
 

 Depth, cm  

f
h 10

i

h-γ  log
h

⎛ ⎞
⎜ ⎟
⎝ ⎠

 
 

 

f
10

i

σ-γσ log
σ

⎛
⎜
⎝

⎞
⎟
⎠

 
 

 ∆v
v

⎛ ⎞
⎜ ⎟
⎝ ⎠

 

∆H
H

⎛ ⎞
⎜ ⎟
⎝ ⎠

 
 
H, 
cm 

 
 ∆H

 

 
 my , cm

 

0’ 0 +0.0595  +0.0595 0.0476 10 0.476 4.002cm = 
1.58in 

 20 +0.0504  +0.0504 0.0403 20 0.806  
 40 +0.0429  +0.0429 0.0343 20 0.686  
2’ 60 +0.0365  +0.0365 0.0292 20 0.584  
 80 +0.0308  +0.0308 0.0246 20 0.492  
 100 +0.0258  +0.0258 0.0206 20 0.412  
4’ 120 +0.0212  +0.0212 0.0170 20 0.340  
 140 +0.0170 -0.0060 +0.0110 0.0088 20 0.176  
 160 +0.0131 -0.0112 +0.0019 0.0015 20 0.030  
6’ 180 +0.0096 -0.0158      
 200 +0.0062 -0.0200      
 220 +0.0030 -0.0237      
8’ 240 +0.0000 -0.0271      
   Assume      
   Ko = 0      

 
 
 
 

 

f t

i t

f

i

Zσ   =    x  γ
3

σ   =  40  x  γ
σ Z =  
σ 120
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Shallow Slides in Compacted 

High Plasticity Clay Slopes 

C.P. Aubeny, Member ASCE1 and R.L. Lytton, Fellow ASCE2 

Abstract: Shallow slide failures in embankments constructed of high plasticity clays 

create costly maintenance problems on highway projects and can threaten the integrity of 

water-retaining earth structures. This paper investigates the mechanisms of stability 

degradation that lead to these slope failures. The failure mechanism involves moisture 

infiltration into the slope surface that leads to decreases in suction and soil shear strength. 

Both the degree and time rate of strength loss are investigated based on stability and 

moisture diffusion analyses, respectively. Stability analyses indicate that the failures are 

associated with destabilizing hydraulic gradients in the pore water, and the suction level 

at the suIface of the slope declines to a limiting suction of about u =2pF when exposed to 

moisture. Moisture diffusion analyses indicate that the time rate of strength degradation is 

controlled by the depth and spacing of desiccation cracks that form in the soil mass, and 

the moisture diffusion properties of the soil. The stability and moisture diffusion models 

described above were evaluated in light of 34 documented shallow slides in Texas high 

plasticity clays. 

CE Database keywords: Slopes; Shear strength; Moisture diffusion; Suction; 

Stability 

1 Assistant Professor, Department of Civil Engineering, College Station, TX 77807-3136 
2 Professor, Department of Civil Engineering, College Station,TX 77807. 
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INTRODUCTION 

High plasticity clays occur in many areas of Texas and elsewhere and often offer 

the most economical material alternative for construction of embankments. While the 

overall stability of properly designed and constructed plastic clay embankments is 

generally adequate, experience has shown that the outer layers of these embankments can 

experience dramatic strength loss over time. The consequent sloughing and shallow slide 

failures represent a costly maintenance problem in highway embankments. In water

retaining earth structures such as levees, the consequences of failure can go beyond costly 

maintenance and can threaten the integrity of flood control systems. Effective design and 

maintenance programs for embankments constructed of plastic clays require an 

understanding of the mechanisms of strength loss, in particular the site factors which 

influence the degree and rate of strength loss, and reasonable estimates of the lower limit 

to which strength can degrade. 

This study adopts an effective stress approach to the problem, in which a major 

portion of the soil strength is derived from negative pore pressures (matric suction). 

Strength loss occurs as surface moisture during wet periods enters surface cracks and 

infiltrates into the soil mass thereby weakening the soils. When the moisture infiltration 

and concomitant reduction in strength advances to a critical depth, the driving stresses in 

the slope exceed the available resisting stresses and failure occurs. Since the laws of flow 

through a porous medium govern the changes in suction over time, the prediction of 

strength loss over time is analyzed through a relatively straightforward solution of the 

diffusion equation. 
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To characterize the strength and time rate aspects of shallow slide failures, this 

paper presents two models, a stability model and a moisture diffusion model, 

respectively. These models are applied to case studies of slope failures in high plasticity 

clays documented in a previous study by Kayyal and Wright (1991). All of the slope 

failures considered in the case studies occurred in slopes that were flatter than the 

estimated normally consolidated friction angle of the soils. While degradation of the 

friction angle could conceivably have occurred, this paper postulates a plausible 

distribution of pore water pressures in the soil mass that can explain the failures without 

recourse to any such assumed degradation. 

Stability Analysis 

Given that the slide masses under consideration have small vertical dimensions 

relative to their lateral extent, the analysis can proceed within the framework of a 

classical infinite slope analysis (e.g., Lambe and Whitman, 1969). The key 

considerations in the analysis with regard to the pore water pressure distribution and soil 

strength are discussed in the following paragraphs. 

Formulation 

Pore-water pressure. 

The analysis assumes the following: 

• Due to moisture infiltration into the slope, a condition of full saturation is 

approached. The pore water pressures in this saturated zone will in general be 

negative (suction) on the surface of the slope and increase with depth due to 

hydrostatic effects. At sufficient depths the pore water pressures may become 
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positive. In this case a 'phreatic surface' or line of zero pore water pressure will 

exist, but this should not be construed as a regional water table as it is associated with 

localized wetting of the surface of the slope. 

• Since all points on the surface of the slope are exposed to the same atmospheric 

conditions, a uniform pore water pressure (suction) on the surface of the slope, Uwo, is 

a reasonable first approximation (Fig. I). The magnitude of this suction is unknown, 

but will be deduced from back-analysis of slope failures that will be presented 

sUbsequently. 

• Constant pressure head on the surface of the slope implies a variable total head; 

hence, the water is flowing. Although various conditions of evaporation and moisture 

infiltration are possible, a neutral case of no moisture entering or exiting the slope 

will be initially considered. In this case, the water is flowing parallel to the slope. 

The gradient of total head in a direction parallel to the slope is therefore easily seen as 

the cosine of the slope angle measured from horizontal, cos P (Fig. I). It is noted that 

the osmotic suction 7t also can contribute to the total head, but this will not influence 

the gradient of total head ht for conditions of constant 7t. 

A final consideration in characterizing the pore water pressures in a potential slide 

mass is shear-induced pore water pressure. In the case of an existing slope that is 

subjected to gradual moistening and softening of the soil mass, the shear stress 't on any 

soil element is of course applied long before a failure occurs. However, the development 

of shear strains capable of generating significant shear-induced pore water pressures is 

not necessarily a long-term, drained process. In fact, much of the straining, together with 

the associated generation of shear-induced pore water pressures, may occur a relatively 
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short time before the failure of the slide mass. Hence, it is not unreasonable to consider 

the possibility of undrained or partially drained conditions of shear during the stage of an 

impending failure. Since the soil is being subjected to conditions of simple shear, there 

will be no changes in mean stress during the shearing process and all generated excess 

pore pressures will be associated with pure shear. In this case, the most appropriate 

expression describing the generation of excess pore pressures is the Henkel parameter a 

relating shear induced pore pressures /).Ps to octahedral shear stress /).'toct (Holtz and 

Kovacs, 1981) /).us = a /).'toct. An applied simple shear stress, /).'t, will therefore induce a 

shear-induced pore pressure/).us = a.J2/3 /).'t = a /).'toct. 

Considering all of the conditions described above - constant suction on the slope 

surface, flow parallel to the slope, and the generation of shear-induced pore-water 

pressures - results in the following expression for the pore-water pressure at the base of 

any potential slide mass of depth H: 

where Uw = pore water pressure at a vertical depth H below slope surface 

Uwo = pore-water pressure on surface of slope 

y = total unit weight of the soil 

~ = slope angle measured from horizontal 

H = vertical depth 

a = Henkel shear-induced pore pressure coefficient 
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Soil strength. 

For the compacted soils considered in this study, any natural cementation has 

been destroyed during the compaction process and no effective cohesion is assumed; i.e., 

c '=0. Hence, the shearing resistance within the slide mass will be considered to be solely 

due to mechanical stress and matric suction. Such resistance can be characterized by a 

generalized Mohr-Coulomb relationship for an unsaturated soil (Fredlund and Rahardjo, 

1993). The foregoing analysis will utilize the premise proposed by Lytton (1995) and 

Lamborn (1986) that a single internal friction angle can characterize the shearing 

resistances associated with net mechanical stress and matric suction provided that one 

accounts for the reduced surface area on which the water phase acts in an unsaturated 

soil. In this case the generalized Mohr-Coulomb strength equation becomes: 

where 'tj = ultimate shearing resistance 

(an - ua) = net mechanical stress normal to failure plane defined as the difference 

between total overburden stress O'n and the pore-air pressure Ua 

(ua- uw) = the difference between pore -air pressure Ua and pore-water pressure Uw 

.p' = effective friction angle 

9 = volumetric water content = volume water/total volume 

f = factor ranging from 1/9 to 1 depending on degree of saturation 
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As full saturation is approached, je tends to unity (Lytton, 1995), in which case Eq. 2a 

reduces to: 

(2b) 

Stability Analysis. 

Applying the pore-water pressure and strength relations in Eqs. 1 and 2b to an 

infInite slope analysis leads to the following expression for the factor of safety FS against 

sliding: 

FS = (1.!.J tanq>' -
"{ tanp 

U tanq>' 
190 -..J2/3 a tanq>' 

"{ H sinpcosp f 
(3a) 

where "{b is the buoyant unit weight of the soil, r is the total unit weight of the soil, UwO is 

the pore-water pressure on the surface of the slope, and af is the Henkel coefficient at the 

failure state. 

The fIrst term in Eq. 3a represents the contribution of mechanical stress to the 

stability of the slope, with a reduction factor, "{bl,,{, for the seepage condition. Noting 

again that UwO is negative, the second term represents the contribution of soil suction to 

stability. The third term accounts for the effects of shear-induced pore pressures. Fig. 2 

graphically depicts the relative contributions of the mechanical stress, suction and shear-

induced pore pressure terms for the case of a 3H: 1 V slope comprised of a soil with 

friction angle <1>' = 25°. The signifIcance of suction is clearly apparent. However, at low 
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factors of safety, FS, the suction and mechanical stress terms contribute to stability in 

comparable proportions. 

Evaporation and Infiltration. 

For conditions of uniform soil permeability, Eq. 3a can be readily modified for 

moisture flowing from or into the slope due to evaporation or infilration, respectively. 

Unfortunately, a uniform permeability in an unsaturated soil is far from realistic due to 

the dependence of permeability on the level of soil suction. Nevertheless, the analysis 

does permit some valuable qualitative insights into the effects of evaporation and 

infiltration on slope stability. If moisture flow across the face of the slope occurs (i.e., 

evaporation or infiltration) Eq. 3a becomes: 

FS = (.1l) tan<p' _ 
Y tan~ 

U wO tan<p' _ .J2/3 a tan<p,J y w ) sino tan<p' 
y Hsin~in~c f -~ Y cos~ 

(Eq.3b) 

where tan 0 is ratio of the hydraulic gradient of water flow normal to the slope to that 

parallel to the slope (Fig. I), with a positive 0 denoting moisture exiting the slope and 

vlce-versa. 

Eq. 3b shows a negative 0 (moisture infiltration) to increase the factor of safety 

FS. Hence, while moisture infiltration into a slope will degrade its stability in the long 

term by decreasing the suction Uw, the favorable hydraulic gradients during infiltration 

will tend to counteract the effects of this suction loss. In contrast, during an evaporation 

phase, the 0 > 0 condition degrades the stability of the slope. This implies that the most 

critical condition experienced by a slope is a period of evaporation following a prolonged 

infiltration period; i.e., when the spatial extent of suction reduction is at its maximum and 

the direction of the hydraulic gradient is unfavorable for stability. 
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Case Histories in Texas High Plasticity Clays 

The occurrence of shallow slope failures in high plasticity clays is quite common 

in east Texas. Kayyal and Wright (1991) investigated in detail a number of shallow 

slides that occurred in embankments constructed of high plasticity Paris and Beaumont 

clays. Selected data compiled from the Kayyal-Wright study is presented in Table 1. 

The ages of the embankments at the time of failure ranged from 14-19 years in the Paris 

clays and 12-31 years in the Beaumont clays. For all slides, Paris and Beaumont, the 

measured vertical depths of the slides ranged from 0.7 to 3 m, and the slope angles 

ranged from about 16 to 25 degrees from horizontal. 

Material parameters. - Kayyal and Wright (1991) report a liquid limit LL= 80 

and a plastic limit PL=22 for the Paris Clays and a liquid limit LL= 73 and a plastic limit 

PL=21 for the Beaumont Clays. Both soils are classified as fat clays CH by the Unified 

Soil Classification System. Actual unit weight data for the clays in situ at or near the 

time of failures are not available. However, after reviewing compaction data on these 

clays by Kayyal and Wright (1991), and Rogers and Wright (1986), total unit weight 

values of y= 18.5kN/m3 and y= 19.5kN/m3 were assumed for the Paris and Beaumont 

clays, respectively. Internal friction angles of ~'=25° were estimated for the Paris and 

Beaumont clays based on a correlation between plasticity index PI and constant-volume 

friction angles proposed by Mitchell (1976). 

Since the conditions of drainage and consequently the shear-induced pore 

pressure response were not known, the failures were back-analyzed for a range of 

plausible shear-induced pore pressures. While compacted soils can typically be expected 

to exhibit dilative behavior, it must be recalled that the near-surface soils on the slopes 
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are subjected to wetting. Kayyal and Wright (1991) performed a series of consolidated

undrained (CU) triaxial shear tests on Paris and Beaumont clays for (1) compacted soils 

subjected to subsequent wetting, and (2) specimens of the same soils that had been 

normally consolidated from slurries. Their results indicated that the compacted wetted 

soils behaved essentially the same as the normally consolidated sedimented specimens. 

Further evidence that wetting a soil tends to erase the memory of previous mechanical 

stress is provided by Stark and Duncan (1991) who found that soaking specimens of 

highly over-consolidated natural clays produced specimens that acted essentially like 

normally consolidated clay. Therefore, an upper estimate of shear-induced excess pore 

pressures, af = 1.4, was selected for the back-calculations, which corresponds to a 

. Skempton A -parameter at failure Af = 1 typical of a normally consolidated soil in triaxial 

compression. To account for the possibility that the shearing process is slow enough to 

permit drainage, the slope failures were also back-analyzed assuming no excess shear

induced pore pressures. 

Based on the material parameters and pore pressure assumptions described above, 

and a known failure condition (FS= 1), an apparent matric suction on the surface of the 

slope UwO was back-analyzed using Eq. 3a. These are tabulated in Table 2 for Uwa in units 

of pressure (kPa) and on a pF scale, where u(PF) = 10glO(-h), with h being the matric 

suction measured in cm of water. The motivation for the use of the pF scale to 

characterize suction will become apparent in later presentation of the moisture diffusion 

analyses. The back-analyzed failures indicated apparent matric suctions on the surface of 

the slope ranging from UwO =1.9-2.3pF in the Paris clays and 1.7-2.lpF in the Beaumont 

clays. 
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Discussion of Slope Stability Studies 

Evidence of a flow condition. 

In all cases analyzed the estimated angle of internal friction of the soil exceeded 

the slope angle. Hence, in the absence of a destabilizing hydraulic gradient, the slopes 

should have had factors of safety greater than unity even without the stabilizing effect of 

negative pore-water pressures. Unless a plausible case can be made for friction angles in 

the field being lower than laboratory measurements - a topic that will be discussed 

subsequently - this can be construed as rather compelling evidence that a destabilizing 

moisture flow condition did in fact exist in these slopes and the contribution of 

mechanical stress to the factor of safety against sliding is reduced by the factor Yb/Y. It is 

again emphasized that a groundwater table near or at the slope surface is not necessary to 

produce a condition of flow parallel to the slope. A simple condition of constant pore 

water pressure (or suction) on the slope surface can create this flow pattern irrespective of 

whether the pore pressures are positive or negative. 

Friction angle degradation 

A conceivable alternative explanation for the occurrence of slope failures on 

slopes flatter than the internal friction angle of the soil is that the friction angle of the soil 

degrades toward a residual value. Making this argument plausible requires that one 

identify a mechanism for the development of the large cumulative shear strains needed 

for the development of a residual strength condition, values that typically exceed 100% 

(Kulhawy and Mayne, 1990). In slopes containing pre-existing slide planes of weakness, 

e.g., reactivated landslides (Skempton, 1964, 1985), a residual condition could develop at 

smaller displacements. However, a history of previous sliding was not reported for the 
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cases considered in Table 1. Stark and Duncan (1991) do in fact make a convincing 

argument that cyclic straining due to reservoir operations led to the development of a 

residual strength condition in the foundation clays and consequent slide in the upstream 

slope of San Luis Dam. However, in the case of the shallow slides considered in this 

paper, no similar mechanism is envisioned for the occurrence of cyclic strains of 

sufficient magnitude to lead to a residual strength condition. 

Regarding the effects of wetting of soils, the laboratory studies of Kayyal and 

Wright (1991) and Rogers and Wright (1986) indicated that wetting of compacted soils 

leads to a dramatic reduction in cohesion, but effective friction angles remained 

consistent with the constant-volume friction angle of the clay in its normally consolidated 

state. Stark and Duncan (1991) appeared to have a similar experience with natural clays 

where, after soaking, stiff clays experienced a dramatic loss of cohesion and effective 

friction angles remained consistent with the constant-volume friction angle of the clay in 

a normally consolidated state. Hence, there seems to be no compelling evidence at this 

time indicating that wetting can reduce frictional resistance to residua11evels. 

In view of the above discussion and the fact that the analysis summarized by Eq. 

3a appears to adequately characterize the slope failures, there appears to be little reason 

to believe that the strength properties of the soils in these slopes degraded to levels below 

that of the clays in a normally consolidated state. 

Wet limit of suction. 

The lower limit of suction (wet limit) in a clay exposed to wetting is significant, 

since it permits an estimate of the lower limit to which soil strength can degrade. For the 

moisture diffusion analyses presented subsequently in this paper, the wet limit of suction 
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also establishes the appropriate boundary condition for surfaces of the clay mass exposed 

to moisture. While some scatter exists in the back-calculated matric suction values at the 

surface of the slide mass Uo at the time of failure (Table 2), an average value seems to be 

on the order of u = 2pF. Much of the scatter can be attributed to uncertainties regarding 

the exact conditions of drainage during shear and moisture flow in the slope at the time of 

failure. Nevertheless, a clear picture emerges indicating that the suction in an intact soil 

on a free surface exposed to wetting degrades to a finite non-zero value as full saturation 

is approached. In general, one would expect that this lower limit of suction will depend 

on soil type and that it could be substantially lower in lean clays and silts. In fact, the 

somewhat more plastic Paris clays (LL=80) showed a higher range of Uo = 1.9-2.3pF than 

the Beaumont clays (LL=73) which showed a range of Uo = 1.7-2.1pF. The finding of a 

lower limit of matric suction on the order of u = 2pF is consistent with the findings of 

Lytton (1997) who, in conducting soil suction profiles at various clay sites in Louisiana 

and Texas using the filter paper test, encountered no instances of total suction 

measurements less than u = 2.5pF, even in very wet Louisiana swamp soils. Recognizing 

that the total suction measurements by Lytton included some component of osmotic 

suction, the apparent field capacity of matric suction of u =2pF back-calculated from the 

slope failures is consistent with Lytton's measurements. 

The wet limit of suction described above may be considered analogous to the air

entry value, or bubbling pressure, in unsaturated soil mechanics literature (Fredlund and 

Rahardjo, 1993). The chief difference is that reported air-entry values typically 

correspond to drying portion of the soil-water characteristic curve, while the wet limit 

discussed above corresponds to wetting of the soil. Due to the hysteresis of the soil-water 
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characteristic curve (Fredlund and Rahardjo, 1993), the wet limit limit can be expected to 

be somewhat lower than the air-entry value from a drying test. Air-entry values typically 

exceed 2.4pF for clays (Kovacs, 1981), and Aubertin et al. (1993) report air-entry values 

from 2.2 to 2.8pF for silt-bentonite mixtures. The range of wet limit values estimated 

from the slope failures considered in this paper, 1.7 to 2.3pF, are therefore somewhat 

lower than typical air-entry values for clays. However, the difference is not considered 

unreasonable in view of the above-mentioned hysteresis in the soil-water characteristic 

curve. 

Apparent phreatic surface. 

A matric suction of u = 2pF at the surface of the slope implies (see Eq. 1) a depth 

to a phreatic surface (the line of zero pore pressure) on the order of 1m. This phreatic 

surface should not be confused with a regional groundwater table, as it is associated with 

the localized region of wetting near the surface of the slope. 

Time to Failure 

The stability analyses presented above are based on the assumption that moisture 

enters the soil mass thereby decreasing the magnitude of the suction and degrading the 

strength of the soil. If this process progresses to a sufficient depth, a sliding failure 

occurs. Since a substantial period of time elapses prior to failure, one to three decades 

(Table 1), the mechanism of moisture infiltration into the slope merits attention. A 

particular focus of this aspect of the study is to establish a framework for estimating the 

time interval required for moisture introduced at the boundaries of a soil mass to diffuse 

into the interior. 
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In addition to the moisture diffusion characteristics of the soil, the moisture 

infiltration process will depend on conditions of local drainage, climate, vegetation, and 

surface cracking. For the slopes considered in this study, information on these conditions 

is unavailable. Further, in practical design situations, a designer can seldom anticipate 

these conditions with a high degree of certainty. Given the uncertainties in the boundary 

conditions, rigorous non-linear analyses cannot be justified and the simplified approach 

described below was adopted for this research. 

Flow through Unsaturated Soils 

Simplified formulation for unsaturated flow. 

The permeability of an unsaturated soil is dependent upon the degree of saturation 

or suction level in the soil. A number of equations describing the permeability-suction 

relationship are presented in the literature; this study employed a relationship proposed 

by Laliberte and Corey (1966): 

k = ko (holht 

where ko= reference permeability (saturated) 

ho = total head at reference state 

h = total head 

n = material constant 

(Eq.4) 

Similarly, provided that the absolute value of suction h is greater than the absolute 

value of the reference head ho, the moisture characteristic relationship can be described 

using: 

dw 
-= 
dh 

(Eq.S) 
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where w is the gravimetric moisture content, and c and m are moisture storage material 

parameters. 

Applying Darcy's law and the conservation of mass principle for an 

incompressible fluid to Eqs. 4 and 5 produces the following equation for flow in the x-

direction: 

(Eq.6) 

where Yd is the dry unit weight of the soil and Yw is the unit weight of water. 

This non-linear partial differential equation in Eq. 6 can be solved using 

numerical methods. However, if n=m the independent variable h can be transformed to 'I' 

such that (Aubeny et aI., 2003): 

'P = logelhl 

Ihl
l
-

n 

'P= -
I-n 

n=l 

n> 1 

(Eq.7a) 

(Eq.7b) 

(Eq.7c) 

Substituting Eqs. 7 into Eq. 6 and generalizing to three dimensions leads to the 

following linear partial differential equation: 

(Eq.8a) 

(Eq.8b) 
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Assuming n=m=] in Eq. 7b corresponds to an analytical procedure originally 

proposed by Mitchell (1979) in which unsteady flow through unsaturated soils is 

analyzed by solution of a linear partial differential equation with suction expressed on a 

pF scale; i.e., U = 10glO (-h). 

Several possible limitations to the simplified approach must be noted: 

• The exponent n is not necessarily equal to unity as assumed by Mitchell (1979), and 

Aubeny et al. (2003) show some cases in which n> 1 provides better agreement with 

measurements. Further, published literature on the subject (e.g., Brooks and Corey, 

1964) generally indicate n to be unequal to m. Nevertheless, Tang (2003), in a series 

of moisture diffusion tests on high plasticity clays (to be discussed subsequently), 

showed that an assumption of n=m= 1 in Eq. 8 provided adequate agreement between 

theory and measurements in a majority of cases. 

• Hysteresis in the moisture-characteristic curve IS not modeled. However, 

measurements of the diffusion coefficient a. under conditions of wetting and drying 

(Mitchell, 1979) showed agreement to within about 20%, which was considered 

adequate by the Authors for the present investigation. 

• Eq. 8 is strictly applicable for flow at a constant elevation. While moisture 

infiltration into a slope does not occur at a constant elevation, as will be discussed 

subsequently, the changes in pressure head during this process will typically be much 

larger than the changes in elevation head. Hence, the last limitation noted above is 

not viewed as particularly severe in the present problem. 
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• In the fmal stages of wetting, the magnitude of the matric suction h may decline 

below the value of ho (Eqs. 6 and 8) for which the analytical framework is strictly 

valid. 

In spite of these limitations, the simplified approach presented herein has several 

notable advantages. In particular, the moisture diffusion coefficient a (Eq. 8b) can be 

interpreted with little ambiguity from a relatively simple laboratory test described in the 

next section and measurements show a remarkably good conformity to the simplified 

theory (e.g., Fig. 4). Further, for cases with simple boundary conditions, analytical 

solutions are-possible with the linearized formulation. Such closed-form solutions can be 

particularly useful in understanding the basic mechanisms of moisture infiltration. 

Measurement of diffusion coefficient, a. 

Measurement of the permeability and moisture diffusion characteristics of high 

plasticity clays is a particularly challenging task for which, due to the minute quantities 

of water flow involved, one is continually confronted with the possibility of measuring 

the permeability of the test apparatus rather than that of the soil. The dependence of 

permeability on suction in partly saturated soils further complicates the issue, since 

inducing a hydraulic gradient in a soil specimen creates non-uniform conditions of 

suction, and therefore non-uniform permeability (Eq. 4), in the specimen. Experimental 

methods that avoid flow volume measurements can provide an effective means of 

estimating moisture diffusion properties of soils when very small flow volumes are 

involved. The drying and wetting tests proposed by Mitchell (1979) and the similar 

'instantaneous profile' method (Hamilton et al., 1981; Fredlund and Rahardjo, 1993) are 

examples of this approach. These tests impose suction or flux conditions at the 
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boundaries of the soil specimen while measuring suction in the interior of the specimen. 

The suction measurements expressed as a function of space and/or time provide a basis 

for estimating permeability or moisture diffusion properties. The linearization of the 

formulation (Eqs. 7 and 8), despite the noted limitations, provides an effective means of 

dealing with non-uniform permeability and moisture storage characteristics in the 

specimen. 

This study utilizes a drying test originally proposed by Mitchell (1979) for 

estimating the diffusion coefficient a. Based on the relatively minor differences in the 

wetting and drying test results reported by Mitchell (1979), diffusion coefficients 

measured in drying tests may reasonably be applied to the conditions of wetting that 

actually occur in the slope. In the drying test six psychrometers are inserted into an 

undisturbed soil core sample (Figure 3). The sample is initially sealed on all boundaries. 

After initial suction measurements are recorded, one end of the sample is exposed to the 

atmosphere. From Kelvin's equation (Fredlund and Rahardjo, 1993), the suction on the 

boundary now becomes: 

(Eq.9) 

where pw = the mass density of the water (1,000 kg/m3 for water) 

M = molecular weight of water (0.01802 kg/mole for water) 

Ta = absolute temperature, degrees Kelvin 

R = universal gas constant, 8.314 N-mlmole-oK 

RH = relative humidity 
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Since the relatively humidity in virtually any soil specimen (typically greater 

than 99%) will exceed that in the laboratory, moisture will evaporate from the soil with 

corresponding increases in the magnitude of suction in the soil specimen. A solution to 

this boundary value problem presented by Mitchell (1979) is included in the Appendix. 

The diffusion coefficient a can be directly estimated by optimization to obtain a best fit 

between measured suction and Mitchell's solution (Aubeny et aI., 2003). In principle, 

suction measured as a function of time and space um(x, t) can be used as a basis for 

estimating a.. In practice, Aubeny et al. (2003) found that the suction near the sealed end 

of the specimen (psychrometers 1, 2, and 3 in Fig. 3) varies very little during the test; 

hence, it is difficult to distinguish between real changes in suction from noise in the 

measurements. They therefore recommended estimation of the diffusion coefficient a. 

based on suction versus time measurements for the psychrometers nearest the exposed 

end, particularly Psychrometer 6 in Fig. 3. 

Values of a. for high-plasticity clays. 

Undisturbed samples were not available from the Paris and Beaumont failure sites 

listed in Table 1. However, the Texas Department of Transportation provided a number 

of 7.5-cm diameter, high plasticity clay samples from a highway embankment near 

Waco, Texas for measurement of moisture diffusion properties. These samples had index 

properties similar to those of the Paris and Beaumont clay, with liquid limits ranging 

from LL=60-71 and plasticity indices PI=40-45. The specimens were tested using the 

procedure described above, with specimen lengths ranging from 19 to 29 cm. Curve fits 

for estimation of the diffusion coefficient a. coefficients were performed for a variety of n 

values, ranging from n= 1 to 3. In most cases, n= 1 provided satisfactory fits between 
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measurements and Eq. AJ (Tang, 2003); therefore, the analyses presented in the 

remainder of this paper are based on an assumption of n= 1. Measurements from a typical 

test are shown in Fig. 4, and interpreted a. from all tests are presented in Table 3. These 

results indicate an average diffusion coefficient 0.= 0.085 m2/yr, with a standard deviation 

of 0.041 m2/yr. 

Moisture Diffusion Predictions 

The analytical framework (Eq. 8) and estimated diffusion coefficients a provide a 

basis for estimating the time interval required for moisture introduced at the surface of 

the slope to migrate to a depth sufficient to induce a slope failure. In principle, the 

calculations should proceed in terms of total head, since the gradient of total energy 

governs fluid flow. However, since non-uniform condition of osmotic suction are not to 

be considered in the analyses - in fact measured osmotic suction data are not available 

for these site - Eq. 8 is equally valid if \f' is taken as a measure of matric suction. 

Due to the linearity of Eq. 8, changes in suction over time can be expressed in 

term of net normalized suction U = (Uj - u)/ CUj - Ub), where Ub is the suction at the 

boundary and Uj is the initial suction after construction of the slope expressed on a pF 

scale. Based on the discussion earlier regarding the 'wet limit' of suction in a clay, 

boundaries of the slope exposed to prolonged wetting may be assigned a matrlc suction U 

= 2pF. Based on the experience of the Authors, a typical suction in a compacted high 

plasticity clay prior to wetting is in the range Uj = 3.5-4pF 

The analytical predictions presented below will address two slope conditions: an 

intact soil mass and a soil mass in which surface cracks exist. Cracking will almost 
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inevitably occur in a bare slope or a slope protected by vegetative cover; hence, a cracked 

condition best represents the cases listed in Table 1. However, analysis of an intact 

condition provides a useful reference point for evaluating slope performance. Further, an 

intact condition is actually a realistic approximation for protected slopes; i.e., slopes 

covered by concrete protective slabs referred to as 'riprap'; the performance of such 

protected slopes is of considerable interest to practitioners. 

Intact slopes. 

Removal of slabs and pavements will often show (Odom, 2002) that moisture 

eventually penetrates through joints in the slab such that the soil directly beneath the slab 

becomes extremely wet. Further, the presence of the slab tends to inhibit drying during 

dry climactic periods; hence, the soil directly beneath the slab is typically in a 

permanently moist condition. While the slab is often ineffective in preventing wetting of 

the soil, the permanently moist state is likely to inhibit the development of cracks. In 

view of this experience, a reasonable moisture diffusion model of this condition (Fig. Sa) 

is as follows: (1) an intact soil mass, and (2) a very wet condition, U = 2pF at the top 

surface of the soil mass directly beneath the slab. The question then arises as to how long 

it will take the moisture at the top surface of the soil mass to migrate to a critical depth at 

which sliding will occur. 

The above condition is analogous to one-dimensional heat flow in a semi-infinite 

solid with a fIxed temperature on the free boundary. The solution is published in a 

number of sources (e.g., Lawton and Klingenberg, 1996) and is conveniently expressed in 

terms of the complementary error function (erfc), in which suction is substituted for 

temperature: 
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u= I =erfc--U-U· (1) 
ub -u j 2.JT (Eq.lOa) 

where Uj is the initial matric suction, Ub is the matric suction at the top wetted boundary 

(assumed constant over time), and the dimensionless time factor T is related to real time t 

at any distance of interest from the free surface z by: 

(Eq.lOb) 

Fig. 6 presents a plot of Eq. lOa from which it is evident that the suction U does 

not decline to a level approaching that at the wetted boundary until the time T is well 

above 10. The coordinate z of interest in Eq. lOb is of course the depth at which a slide 

can occur, which from Table 1 is on the order of I.Sm. Table 3 provides a range 

diffusion coefficient values, a = 0.044-0.13~/yr. Solving Eq. lOb for real time t implies 

times to failure for protected slopes on the order of hundreds of years. This is of course 

well beyond the range of any of the documented slope failures in Table 1, which supports 

the assertion stated earlier that the effects of cracking must be incorporated into the 

model for moisture diffusion into unprotected (bare or vegetative cover) slopes. 

While slide failures do occasionally occur in 'riprap' protected slopes, they are 

relatively rare and tend to occur in older slopes (Odom, 2002). It would therefore be 

reasonable to conclude that, while the riprap protection does not preclude moisture from 

entering a slope, by inhibiting crack formation it greatly slows the rate at which moisture 

penetrates to depths capable of creating stability problems. 
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Effect of Surface Cracking. 

As no direct observational data on surface cracking are available for the slope 

failures in Table 1, the moisture diffusion model for a cracked slope was postulated based 

on empirical observations found in other studies. The field observations by Knight 

(1971) shown in Fig. 7 indicate that cracks tend to form in patterns in which the crack 

spacing equals the crack depth. Hence, a crack pattern develops such as that illustrated in 

Fig. 5b, with the deepest cracks occurring at the widest spacing and intermediate 

shallower cracks occurring at more frequent intervals. Noting that cracking occurs in 

three dimensions, a similar pattern of cracking is assumed to occur in a direction of the 

strike of the slope. 

Based on the above observations on the general nature of crack patterns in clays, 

surface cracking was assumed to sub-divide the soil mass into a series of square columns 

with the column heights equaling the crack spacing. As surface water will easily 

penetrate into the cracks, moisture will diffuse into the soil mass from the crack surfaces 

thereby considerably reducing the length of the moisture migration path compared to that 

of an intact slope. While all of the cracks can provide conduits for moisture infiltration, 

the deepest cracks will be the least affected by drying periods and the most likely to 

remain permanently wet. Hence, as a first approximation only the deepest cracks are 

considered in the moisture diffusion analysis. 

Neglecting the effects of the shallower cracks, the analytical model for moisture 

diffusion into the soil mass reduces to two-dimensional flow into a square region. The 

analytical solution for this boundary value problem can again be found in published 
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solutions for unsteady heat flow, e.g., Powers (1972). For the case of a unifonn initial 

suction, the solution is expressed by the following equation: 

U-Ub ~~ { 2 2 2 } U = = L..JL..JAmn<Pmn exp -n (m + n )T 
U j - ub m=1 n=! 

(Eq.ll) 

4 
Amn = 2 [cos( mn ) - 1 ][cos( nn ) - 1] 

7r mn 

<P mn = sin(mn x I L) sin(nn y I L) 

The dimensionless time factor T is as defmed by Eq. lOb, with L replacing z as the 

distance scale factor such that T=atIL2. Evaluating Eq. 11 at the center of the soil mass 

between the cracks, x = Ll2, y=LI2, produces the solution shown in Fig. 6 for a cracked 

slope. This solution indicates that the wet condition, U = 2pF, on the surface of a crack 

migrates to the center or the soil mass at a time factor of about 1f=0.3. 

As a means of detennining whether the value above is reasonable, the data from 

Tables 1 and 3 can be applied to Eq. lOb. The assumed soil block dimension L is H cos f3 

(Table 1), and t is the age of the slope (also Table 1). Taking the mean plus and minus 

the standard deviation of the moisture diffusion coefficient measurements gives upper 

and lower values of a = 0.044 to 0.13 m2/yr, respectively. Time factors at failure 

estimated from these data are tabulated in Table 2. On average, the back-calculated time 

factors at failure in the Paris clays - ?ack-calculated Tr0.42-1.2 - are somewhat higher 

than the estimate from the theoretical model, TrO.3. In the case of the Beaumont clays, 

the underestimate from the theoretical model is more severe, with average back-

calculated time factors being in the range Tr1.2-3.7. 
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Discussion of Moisture Diffusion Analyses 

Back-analyzed time factors 

Time factors at failure Tf back-calculated from the postulated moisture diffusion 

model exceeded the theoretical prediction by factors of about 1 to 4 in the Paris clays and 

4 to lOin the Beaumont clays. Possible causes for the under-predictions could be an 

overestimate of the moisture diffusion coefficient a or, more likely, the relatively crude 

estimate of the cracking pattern and suction boundary conditions in the surface of the 

slope. However, noting that the back-calculated estimates of the time to failure Tf 

systematically exceed the theoretical prediction, a more fundamental issue is the fact that 

a significant time period may be required for cracks to develop in the slopes, particularly 

to the greater depths associated with a slide failure. It is noteworthy that the longer times 

to failure were in the Beaumont clays in the Gulf of Mexico coast area that, as a moist 

region, has less frequent and less severe dry periods capable of inducing desiccation 

cracking in the soils. In contrast, the Paris clay sites are further inland in Texas in a 

region subjected to more frequent and prolonged dry periods; hence, the rate of 

development of desiccation cracks would be expected to be considerably higher than in 

the coastal areas of Texas. 

Moisture diffusion process 

Investigators of shallow slide failures (e.g., Kayyal and Wright, 1991) have noted 

that the failures are often preceded by heavy rains. This raises a possible question as to 

whether the occurrence of slope failures is governed by a single climactic extreme - i.e., 

an unusually severe rain - rather than the prolonged continuous moisture diffusion 

process postulated in this paper. In the view of the Authors, heavy rains can trigger a 
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slope failure, but only after a relatively long period of crack formation and moisture 

diffusion has already weakened the slope. This view is supported by the age of the 

embankments at failure that range from 12 to 31 years. Slopes of this age had 

undoubtedly been exposed to previous extremes of moisture prior to the final event that 

triggered the failure. 

Significance of cracking 

Previous reference has already been made to 'riprap' protected slopes and the 

observation that the protection usually does not provide a watertight seal (Odom, 2002). 

This observation has led some designers to question the effectiveness of such protection. 

While not an effective barrier against moisture, the protection appears to prevent 

extremes of drying that lead to deep desiccation cracks that can later become conduits for 

moisture infiltration. Hence, while not necessarily precluding the possibility of failure, 

the protection can retard the development of cracks thereby providing considerable 

benefit in prolonging the life of a slope. 

Incidence of failures 

While slides in high plasticity clay slopes are common, they are not inevitable. 

Hence, explanations of failures must be consistent with the observed satisfactory 

performance of a majority of such slopes. This paper postulates that the conditions for 

failure - at least within a time frame of several decades - are that cracks must form and 

that climactic and surface runoff conditions must maintain the walls of the cracks in a 

wetted state for prolonged time periods. Local drainage conditions may easily be such 

that surface water does not feed the cracks with sufficient frequency to maintain such a 
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condition. Hence, the proposed model is not inconsistent with the observed satisfactory 

performance of many high plasticity clay slopes. 

Conclusions 

Shallow slide failures in high plasticity clay slopes involve a number of complex 

issues including local moisture conditions, the distribution of pore water pressures in the 

slide mass, cracking of the slope, and the rate of moisture diffusion into the soil mass. 

Even under favorable circumstances, adequate characterization of these factors is 

difficult. In cases in which a slide has already occurred the situation is further 

complicated, since much critical information is typically destroyed. This paper presents 

simplified stability and moisture diffusion models in an attempt to explain both why and 

when the slides occur. Given the paucity of site data necessary to fully characterize past 

failures, the primary intent of these models is to improve our understanding of the 

mechanisms of shallow slide failures rather than to attempt a detailed simulation all of the 

processes involved. 

The stability and moisture diffusion analyses of 16 slope failures in Paris clays 

and 18 slope failures in Beaumont clays suggest the following conclusions: 

1. The slope failures are consistent with a condition of destabilizing hydraulic 

gradients. The existence of such a condition. provides the simplest plausible 

explanation as to why failures would occur in slopes in which the angle of internal 

friction~' of the soil is greater than the slope angle p. 

2. Back-calculation of the apparent matric suction near the surface of the slopes at 

failure indicate a fairly consistent value of about u = 2pF for high plasticity clays. 

This 'wet limit' of suction represents a lower limit to which the magnitude of the 
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matric suction will decline when a free surface of soil is exposed to moisture 

without artificial disturbance of the soil. The magnitude of the wet limit of 

suction is likely to be dependent on soil type, with higher values associated with 

higher plasticity soils. 

3. The observed failures are consistent with a phreatic surface located about 1m 

below the surface of the slope. This phreatic surface is associated with a localized 

region of wetting near the slope surface and is not in general associated with a 

regional groundwater table. 

4. The time-dependent aspects of the slope failures can most likely be explained in 

terms of (1) cracking on the surface of the slopes, and (2) moisture entering the 

cracks and diffusing into the soil mass until the magnitude of the suction and 

strength decline to a critical level. 

5. The linearized moisture diffusion analyses for unsaturated soils provide useful 

fIrst order approximations to the rate of suction change and strength loss in the 

slope soils. 

6. Estimates of the moisture diffusion coefficient a. based on the drying test 

discussed in this paper appeared to be consistent with the time frame of the slope 

failures when cracking of the soil mass is taken into consideration; however, 

much remains to be done in predicting crack formation in slopes. 

7. The moisture diffusion analyses presented in this paper highlight the importance 

of surface cracks in the soil and the need for predictive models and field 

measurements on this topic. In addition to slopes, the performance of a number of 

other civil structures - pavements, slabs, shallow foundations, retaining walls -
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can be affected by moisture infiltration and therefore cracking; hence, research in 

this area can prove beneficial for a significant portion of the civil infrastructure. 
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NOTATION 

aj = Henkel pore pressure coefficient at failure 

c = coefficient for moisture characteristic curve 

.f= factor varying from 1 / e to 1 

h = total head 

he = evaporation coefficient 

i = hydraulic gradient 

k = hydraulic conductivity 

n = exponent in permeability relation 

Ua = pore aIr pressure 

Uw = pore water pressure 

Uwo = pore water pressure on slope free surface 

t=time 

w = gravimetric water content 

x, y, z = coordinates 

Aj = Skempton pore pressure coefficient 

H = vertical depth of slide mass 

L = characteristic dimension in moisture flow analysis 

T = dimensionless time factor 

U = net normalized suction 

a. = moisture diffusion coefficient 

~ = slope angle measured from horizontal 

cp' = effective angle of internal friction 
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Y = total unit weight of soil 

Yb = buoyant unit weight of soil 

Y d = dry unit weight of soil 

Yw = unit weight of water 

7t = osmotic suction 

(J' = normal stress 

'tact = octahedral shear stress 

'I' = transformed measure of suction 
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APPENDIX A- SOLUTION FOR EVAPORATION TEST 

For the case of n=m=l (Eqs. 6 and 7), the variable 'P can simply be replaced by 

suction expressed on a pF scale, U = 10glO(-h). Hence, Eq. 8 becomes: 

(AI) 

The sealed end is a simple no-flow boundary condition. At the open end, Mitchell 

(1979) imposes a prescribed flux condition defined by the relation: 

( :: 1 ~-h.(u, -u •• ) (A2) 

where he is an evaporation coefficient, Uatm is the atmospheric suction defined by Eq. 9, 

and Us is the soil suction at the exposed boundary. By measuring gradients of suction 

near the open boundary, Mitchell (1979) estimated the evaporation coefficient he to be 

O.54cm-1
• This value was adopted for the present study. 

Applying these boundary conditions to Eq. A.l leads to the following solution 

(Mitchell, 1979) for suction u(x, t) as a function of time and coordinate in the soil sample: 

)., 
cot)., =_n 

n h L 
e 

where Uatm= atmospheric suction 

Ui = initial suction in soil 

(A.3) 
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ex. = diffusion coefficient 

t =time 

L = sample length 

x = coordinate 

he = evaporation coefficient 
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Table 1a. Site Data for Shallow Slides in Paris Clays (after Kayyal and Wright, 1991) 

Slope Slope Vertical 
Case Location Age Angle ~ DepthH 

(years) (degrees) of Slide 
(m) 

1 Loop 286 @ T &P RR 19 18 1.2 
SE Quadrant, Lamar County 

2 Loop 286 @ SH 271 14 22 1.2 
NW Quadrant, Lamar County 

3 Loop 286 @ Missouri Pacific RR 18 19 2.4 
SW Quadrant, Lamar County 

4 Loop 286 @ Missouri Pacific RR 18 20 1.8 
SW Quadrant, Lamar County 

5 Loop 286 @ Missouri Pacific RR 18 20 3 
NW Quadrant, Lamar County 

6 Loop 286 @ FM 79 19 23 1.2 
SW Quadrant, Lamar County 

7 SH 271 North, SE of Missouri 18 20 1.8 
Pacific RR South Emb, Lamar Co 

8 Loop 286 & Still House RR 18 23 1.8 
Overpass East Abut, Lamar Co. 

9 Loop 286 & Still House RR 18 18 1.5 
Overpass, West Abut, Lamar Co. 

10 Loop 286 @ SH 271 18 20 1.2 
NW Quadrant, Lamar County 

11 Loop 286 & SH 71 Overpass 18 17 0.6 
(North)East of RR, Lamar County 

12 SH 271 North, SE of Missouri 19 20 1.2 
Pacific RR North Emb, Lamar Co 

13 SH 271 South, NW of Missouri 19 23 1.8 
Pacific RR, Lamar Co 

14 SH 271 South, SW of Missouri 19 23 1.8 
Pacific RR, Lamar Co 

15 SH 271 East, W of Missouri 19 18 1.2 
Pacific RR, Lamar Co 

16 SH 271 North, NW of Missouri 19 20 1.2 
Pacific RR, Lamar Co 
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Table 1 b. Site Data for Shallow Slides in Beaumont Clays 
(after Kayyal and Wright, 1991) 

Slope Slope 
Case Location Age Angle p 

(years) (degrees) 

1 IH 610 @ Scott St., NE Quad, 17 21.8 
Harris County 

2 SH 225 @ SH 146, SW Quad, 31 18.4 
Harris County 

3 SH 225 @ SH 146, NW Quad, 31 17.9 
Harris County 

4 SH 225 @ SH 146, SE Quad, 31 16.4 
Harris County 

5 SH 225 @ SPRR Overpass, 20 21.0 
SE Quad, Harris County 

6 SH 225 @ SPRR Overpass, 20 17.9 
SE Quad, Harris County 

7 SH 225 @ SPRR Overpass, 20 22.6 
SE Quad, Harris County 

8 SH 225 @ SPRR Overpass, 20 17.9 
NW Quad, Harris County 

9 SH 225 @ Scarborough, 17 25.5 
SE Quad, Harris County 

10 IH 610 @ SH 225, 19 20.3 
SE Quad, Harris County 

11 IH 610 @ Richmond, 18 20.3 
SW Quad, Harris County 

12 IH 10 @ Crosby-Lynchburg, 25 21.0 
NW Quad, Harris County 

13 IH 45 @ SH 146, 14 18.4 
SE Quad, Harris County 

14 IH 45 @ SH 146, 14 17.9 
South Side, Harris County 

15 IH 45 @ SH 146, 12 21.8 
NE Quad, Harris County 

16 IH 610 @ College St., 18 18.4 
NE Quad, Harris County 

17 US 59 @ FM 525, 24 22.6 
NE Quad, Harris County 

18 US 59 @ Shepard St., 22 17.9 
SE Quad, Harris County 
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Table 2a. Back-Calculated Suction and Dimensionless Time Factors at Failure 
for Shallow Slides in Paris Clays 

Back-Calculated Back-Calculated Time Factor at 
Surface Suction, Surface Suction, Failure,Tj 

Case aj=O aj=0.707 
UwO UwO UwO UwO a= a= 

(kPa) (PF) (kPa) (PF) 0.044 0.126 
m2/yr m2/yr 

1 -4.9 1.7 -12.7 2.1 0.62 1.85 
2 -7.5 1.9 -16.5 2.2 0.48 1.42 
3 -10.8 2.0 -26.9 2.4 0.15 0.44 
4 -8.9 2.0 -21.3 2.3 0.27 0.79 
5 -16.0 2.2 -37.2 2.6 0.10 0.29 
6 -8.8 2.0 -18.3 2.3 0.66 1.98 
7 -8.9 2.0 -21.3 2.3 0.27 0.79 
8 -13.2 2.1 -27.5 2.4 0.28 0.83 
9 -6.2 1.8 -15.9 2.2 0.38 1.12 
10 -6.4 1.8 -14.9 2.2 0.60 1.79 
11 -2.1 1.3 -5.8 1.8 2.32* 6.92* 
12 -6.4 1.8 -14.9 2.2 0.62 1.89 
13 -13.2 2.1 -27.5 2.4 0.29 0.88 
14 -13.2 2.1 -27.5 2.4 0.29 0.88 
15 -4.9 1.7 -12.7 2.1 0.62 1.85 
16 -6.4 1.8 -14.9 2.2 0.63 1.89 

Average -8.6 1.9 -19.8 2.3 0.42 1.25 
Std. Dev. 3.8 0.2 7.9 0.2 0.20 0.59 
*Excluded from average. 
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Table 2b. Back-Calculated Suction and Dimensionless Time Factors at Failure 
for Shallow Slides in Beaumont Clays 

Back-Calculated Back-Calculated Time Factor at 
Surface Suction, Surface Suction, Failure,1j 

Case af=O af=0.7 
UwO UwO UwO UwO a= a= 

(kPa) (PF) (kPa) (PF) 0.044 0.126 
m2/yr m2/yr 

1 -6.5 1.8 -14.7 2.2 0.76 2.25 
2 -5.1 1.7 -13.3 2.1 0.88 2.61 
3 -2.6 1.4 -7.1 1.9 2.79 8.32 
4 -2.6 1.4 -8.7 1.9 1.29 3.85 
5 -6.8 1.8 -15.5 2.2 0.67 2.01 
6 -3.2 1.5 -8.8 2.0 1.15 3.44 
7 -10.1 2.0 -21.7 2.3 0.44 1.31 
8 -2.7 1.4 -7.4 1.9 1.66 4.95 
9 -7.7 1.9 -15.4 2.2 1.09 3.25 
10 -3.1 1.5 -7.3 1.9 2.54 7.56 
11 -7.8 1.9 -18.4 2.3 0.38 1.15 
12 -8.5 1.9 -19.4 2.3 0.54 1.61 
13 -3.5 1.6 -9.3 2.0 0.81 2.42 
14 -3.8 1.6 -10.3 2.0 0.59 1.77 
15 -4.7 1.7 -10.3 2.0 1.05 3.12 
16 -2.4 1.4 -6.2 1.8 2.35 7.00 
17 -6.1 1.8 -13.0 2.1 1.47 4.38 
18 -3.8 1.6 -10.3 2.0 0.93 2.78 

Average -5.0 1.7 -12.0 2.1 1.23 3.67 
Std. Dev. 2.5 0.2 4.8 0.2 0.75 2.25 
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Table 3. Moisture Diffusion Tests in High Plasticity Waco Clays, LL=60-71, PI=40-45. 

Test Initial Boundary Specimen Psychrometer Inte~reted a 
No. Suction, Uo Suction, Ua Length,L Location, x * (cm lmin)! 

(PF) (PF) (cm) (cm) (m2/yr) 
1 4.20 5.64 29.21 25.40 .0018/.095 
3 3.90 5.80 22.22 19.69 .0012/.063 
4 3.80 5.91 20.96 18.42 .0022/.116 
5 3.95 5.74 20.32 17.78 .00101.053 
6 4.10 6.00 19.05 16.51 .00076/.040 
7 3.70 5.62 21.59 19.05 .00281.147 

Mean ---- ---- ---- ---- 0.0016/.085 
Std Dev 0.00078/.041 
*Dlstance from sealed end of specImen. 
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Figure 1. Defmition Sketch for Slope Stability Analysis. 
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Figure 3. Dry end test for measuring u. 
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Slab-on-Ground - A Finite Element Method Analysis 

lRifat Bulut, Ph.D. and 2Robert L. Lytton, Ph.D., P.E. 

Abstract 
A finite element computer program has been developed to analyze slabs on elastic half space 

expansive as well as compressible soils. Mindlin orthotropic plate theory is adopted for 
structural analysis of ribbed or constant thickness slabs. The foundation soil is assumed to be an 
isotropic, homogeneous, and elastic half space. The behavior of an elastic half space is 
calculated by dividing the surface of the elastic half space into rectangular regions. These 
regions are represented by stiffness matrices and they are assembled onto the rectangular plate 
finite elements. The shape of the soil surface underneath the slab is described by the differential 
soil movement, Ym, and edge moisture variation distance, em. The mounded soil surface requires 
an iterative procedure in the computer program for this soil-structure interaction system. The 
program calculates displacements, moments in x- and y-directions, twisting moments, and shear 
forces. The comparisons of the results with the Post Tensioning Institute's (PTI) Design and 
Construction of Post-Tensioned Slabs-on-Ground manual examples show that the PTI analysis is 
conservative for the center lift case, but is not conservative for the edge lift case. 

Introduction 
The soil, which represents a great portion of the earth's surface, is very complicated to deal 

with in regard to its engineering behavior. The main problem is certainly the variety of its 
material properties which can make it elastic, plastic, nonhomogeneous, anisotropic, and 
compressible, expansive or collapsing. It is necessary to understand the properties of the 
supporting soil and also to describe its behavior mathematically in order to design a foundation 
properly. A geotechnical engineer dealing with the problematic soils is often faced with the need 
to calculate displacements of the foundation soil and to analyze the effects of the displacements 
on the slab. 

Foundation design on an expansive soil presents a challenge to a geotechnical engineer 
because of the shrink and swell properties of these soils. Expansive soils swell when they absorb 
moisture from the environment and shrink when they lose moisture to the environment. 
Moisture movement in expansive soils is thus a major cause for volume change and this moisture 
movement is a result of unbalanced moisture energy (or soil suction) between the expansive soil 
and its environment. The moisture distribution does not occur uniformly within the soil 
underlying the foundation and thus results in differential soil movement. It is this differential 
movement that results in major distresses in the slab foundations. Seasonal changes of soil 
moisture or soil suction will dictate differential soil movement. Therefore, it is very important 

IGeotechnical Engineer, Fugro South, Inc., 2880 Virgo Lane, Dallas, TX 75229, Phone: 972-484-8301, 
Fax: 972-620-7328, E-mail: rbulut@fugro.com 
2 A.P. and Florence Wiley Professor of Civil Engineering, Texas A&M University, College Station, Texas 
77843; phone 979-845-8211, E-mail: r-Iytton@tamu.edu 
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for a geotechnical engineer dealing with expansive soil to have knowledge of the soil suction 
distribution within the soil below a slab foundation. 

Slab foundations have been analyzed using different approaches such as approximate 
numerical solutions, finite difference methods, and finite element methods. The finite element 
method incorporating the foundation soil has recently been widely accepted in analyzing the slab 
foundations because of its versatility and reliability over other methods. Two plate (or slab) 
theories are commonly used in finite element applications: Kirchoff plate theory and Mindlin 
plate theory. 

The most current design procedure for the slabs on expansive soils is the method by the Post 
Tensioning Institute (1996). In the PTI design method, the analysis of the plate structure with 
the finite element method has some shortcomings. For instance, only rectangular slabs can be 
analyzed with the PTI method. For non-rectangular geometries, the rectangular slabs are 
overlapped to match the actual geometry. The PTI slab analysis is based on classical plate 
theory (Kirchhoff plate theory or thin plate theory), but an improved method should allow for 
thick plates if needed. Stiffening beams in the PTI method are converted to an equivalent slab 
thickness for calculating the bending moment, shear, and deflection and the method allows for a 
uniform distributed load all over the slab as well as line loads along the perimeter. However, an 
improved method needs to allow a slab cross-section that has stiffening beams and different 
magnitudes of distributed loads at different locations on the slab. Therefore, the research 
approach is to develop and conduct a finite element analysis of a slab resting on an expansive 
soil, which is modeled as an elastic half space, to predict the magnitudes of bending and twisting 
moments, shear, and deflection under applied design loads. 

Foundations on Expansive Soils 
If a foundation is placed on an expansive soil, the geotechnical engineer faces a major 

challenge because the soil can respond with a change in volume (shrinking/swelling). The 
expansive soil can respond not only to the structural loading but also to a change of soil moisture 
condition. The unique property of expansive soil is the change in volume when it absorbs 
moisture from its environment (swelling) or loses moisture to its environment (shrinking). 
Lightly loaded structures such as houses, apartments, and pavements have been affected by these 
reactive heaving soils (mainly smectite type clay) in many countries. 

To employ the slab analysis procedures, the geotechnical engineer needs to predict the 
differential soil movement caused by the expansive soils. It is known that the climatic condition 
of a site is a major factor controlling the magnitude of the differential soil movement. The 
climatic condition of a site will determine the active zone, the possible maximum seasonal 
changes of soil moisture condition (wet and dry soil suction profiles, Fig. 1). Once the soil 
suction profile is obtained, the soil volume change induced by these soil suction changes can be 
estimated. 
When a lightly-loaded structure such as a slab-on-ground foundation is constructed over 
expansive soils, the climate conditions at the site has a great influence on the type of distress that 
the foundation will undergo as a result of distortion of the support provided by the foundation 
soil. In general, there are two major types of expansive soil distortion modes (Lytton 1972): 
center-lift and edge-lift (Fig. 2). The center-lift case usually occurs when the soil at the 
perimeter of foundation shrinks. The edge-lift case usually occurs when the soil at the perimeter 
of foundation swells. Either type of distortion will result in structural damages if the slab is not 
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designed properly. The distortion mechanism should be selected to produce the worst values of 
design moment, shear force and deflection (Lytton 1972). 
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Fig. 1. Soil Suction Profiles. 
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Fig. 2. Slab Distortion Modes. 
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Volume Change Behavior of Expansive Soils 
The volume change behavior of expansive soils may not be predicted satisfactorily using 

traditional soil mechanics theories as well as elastic or plastic theory due to the large magnitudes 
of volumetric strains involved (Lytton 1996). However, there are many methods that rely on 
these theories as well as on some laboratory methods such as consolidometer tests or even on 
moisture content determinations. Lytton (1973) has shown that the volume change of expansive 
soils can be predicted satisfactorily with the use of soil suction, which has proven to be a stress 
state variable for unsaturated soils (Fredlund and Rahardjo 1993). For small increments of 
volume change, the volume strain is linearly related to the logarithms of both pressure and 
absolute value of suction (Lytton 1994). The general relation between the volumetric strain and 
the pressure and suction for a swelling soil is given by 

(1) 

where hi is the initial matric suction, hf is the final matric suction, OJ, is the initial mean principal 
stress, a.r is the final mean principal stress, n is the volume change coefficient due to shrinking 
or swelling, YeTis the volume change coefficient due to overburden, and LlV/v is the percent 
volume change in decimal form. 

This is a more rational approach since suction as a measure of the negative stress in the 
pore water, which pulls the soil particles together, is dependent on boundary conditions such as 
vegetation and climate. Suction is a thermodynamic quantity which will retain all the effects of 
the climate, such as humidity and temperature, within itself and carry them as a stress effect on 
the soil particles. 

In addition, a more rational method has recently been developed for the determination of 
differential swelling soil profile, Ym, and of edge moisture variation distance, em, which are based 
on moisture diffusion/volume change relationship, by Naiser (1997). This procedure has been 
put forward as a new computer program known as VOLFLO Win 1.0 in 2002 by Geostructural 
Tool Kit, Inc. The current version of VOLFLO Win 1.0 is an improved and expanded computer 
program involving many of the principles of the previous VOLFLO program and at the same 
time incorporating the work done by Mitchell (1980) and Gay (1994). Mitchell (1980) 
developed and applied simple mathematical methods for predicting soil suction profiles. Gay 
(1994) developed a finite element program (FLODEF) for the transient moisture flow in 
unsaturated soils and a procedure to estimate the mean volumetric water content for soils 
dependent upon the location and climatic conditions. 

The procedures mentioned above are applied to several moisture effect cases, in the new 
VOLFLO Win 1.0 program, that are common with light commercial and residential structures 
such as bare soils at the surface, grass at the surface, trees at the surface, and a flowerbed at the 
surface. Additionally, these procedures include calculating the effects of differential soil 
movement caused by the introduction of design effects such as vertical and horizontal moisture 
barriers. 

Foundation Model 
The analysis of the interaction between the slab foundations and the supporting soil 

foundation is of fundamental importance to geotechnical engineering. Many of the available 
interaction models are primarily concerned with elastic analysis. In this research, the slab and 
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foundation soil interaction has been analyzed with the linear finite element method. To 
determine the vertical soil deformation in excess of the soil's expansion characteristics, the 
foundation soil needs be properly formulated. There is a spectrum of foundation models ranging 
from Winkler's type to the semi-infinite, homogeneous and isotropic, elastic continuum. 
Perhaps the best representation for the most frequently occurring soil materials is the elastic half 
space, behavior of which is described by Boussinesq's equation (Huang 1993). In this study, the 
supporting foundation soil for the plate is considered to be an elastic, isotropic, and 
homogeneous semi-infinite continuum with Es and vs, modulus of elasticity and Poisson's ratio 
of the soil, respectively. The behavior of an elastic half space is calculated by dividing the 
surface of the elastic half space into rectangular regions. 

For the case of an elastic continuum, since it is the response of the foundation within the 
contact area and not the stresses or displacements inside the foundation soil which are of 
particular interest in light commercial and residential structures. The problem reduces to finding 
a relatively simple mathematical expression which can describe the response of the foundation 
within the contact area with a reasonable degree of accuracy. Many researchers have attempted 
to create a convenient model that properly represents the physical behavior of a real foundation. 
Thus, a whole spectrum of foundation models is known; at one end is the Winkler model 
consisting of closely spaced, independent linear springs and at the other extreme is an elastic 
continuum. There is a large class of foundation materials occurring in practice which can be 
represented neither by a Winkler type foundation nor by an isotropic continuum. To find a 
physically close and mathematically simple representation of such models for the soil-structure 
interaction, there are attempts made by Pasternak, Hetenyi, Filonenko-Borodich, and Vlasov 
(Bulut 2001). Generally, a comparison between Winkler and elastic continuum foundations 
indicates that elastic continuum foundations are more realistic (Poulos 2000). 

A summary of the Boussinesq's solution of the elastic half-space problem is given by 
Timoshenko and Goodier (1970). In the Boussinesq formulation, the deflection at any point 
depends not only on the force at that point but also on the forces at all other points (Fig. 3), 
which is a more realistic approach as compared to the Winkler's model. For the elastic half
space continuum model, the force-deflection relationship can be written as 

1-v2 p. w .. = __ s_1 

'1 E n s r;j 
(2) 

where Wij is the deflection at point i due to a force at point j, Pj is the force at point j, Yij is the 
distance between points i andj, Es is the elastic modulus of the foundation soil, and Vs is the 
Poisson's ratio of the foundation soil. 

The only known approximate solutions to evaluate Eq. 2 for the flexibility coefficients are 
the ones by Cheung and Zienkiewicz (1965) and Huang (1993). Cheung and Zienkiewicz (1965) 
considered the foundation consisting of a series of rectangular pressure areas whose centers 
coincide with the nodal points of the slab. The flexibility coefficients are obtained by integrating 
the Boussinesq equation over the rectangular element area for the points at which the Boussinesq 
equation is not defined. 

A similar technique to that of Huang (1993) is adopted in this study for calculating the 
flexibility coefficients using a five-point Gauss quadrature formula in both x- and y- directions. 
The foundation flexibility matrix is determined in two ways: direct and numerical integration. 
The flexibility matrix coefficients can be obtained directly if the point at which the deflection is 
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sought and the point at which the vertical unit load is applied is different. In other words, if i ::j:. j 
(Eq. 2), then the coefficients are obtained directly. However, if the point of interest for the 
deflection and the applied vertical unit load coincide, then Eq. 2 becomes singular and thus a 
numerical integration technique can be employed to overcome the singularity. The stiffness 
matrix of the foundation soil is then obtained by inverting the flexibility matrix. 

p 

- ..... ----~-, ----I> r 

Elastic Ht1f-Space 

z 

Fig. 3. Elastic Half Space Foundation. 

Plate Finite Element Model 
The finite element method may be regarded as a generalization of standard structural 

analysis procedures, in particular the displacement method of analysis, which permits the 
evaluation of displacements, strains and stresses in a structure. The finite element method is a 
very powerful method for the solution of differential equations that are in the fields of 
engineering. In the method, the structural domain is simply divided into regions (finite elements) 
of appropriate size and shape with all the material properties of the original domain being 
retained in the individual finite elements. By assuming approximate displacement functions 
(interpolation functions or shape functions) within an element, it is possible to derive the 
stiffness matrix of a structure using the principles of energy theorems or virtual work. If 
conditions of equilibrium are applied at every node of the discretized structure, a set of 
simultaneous algebraic equations can be formed, and the solution of these equations gives all the 
nodal displacements. The internal stresses are then obtained using the calculated nodal 
displacement values. A more complete treatment of the finite element method can be found in 
numerous books such as Reddy (1993), Zienkiewicz (1971), and Nath (1974). 

Considerable research has been done for the development of finite plate elements for the 
analysis of the bending of plates. Researchers have developed quite a number of elements (i.e., 
rectangular, triangular, quadrilateral, etc.) with varying number of nodal points along with 
different types of interpolation functions. The aim of the researcher is to develop an element that 
has the least number of coefficients and at the same time satisfies the boundary conditions such 
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as continuity of slopes. In this study, the linear finite element model of the shear deformation (or 
Mindlin or thick) plate theory for the rectangular elements is adopted. A simple four node
rectangular element is chosen because of the restrictions applied by the foundation model 
formulation. The four-node rectangular element has three degrees of freedom per node; one 
displacement and two rotations (Fig. 4). A more complete treatment of the plate theories can be 
found in numerous books such as Timoshenko and Winowsky-Krieger (1968) and Ugural 
(1981). 

y 

4 

2 

w 

Typical degrees of 
freedom at a node 

Fig. 4. Rectangular Bending Element. 

Mindlin plate theory is very similar to the Kirchhoff theory except that it allows the 
transverse shear deformations within the plate. Therefore, this theory is very suitable for 
analysis of thick plates. The plate finite element model used in this research is based on the 
Mindlin plate theory. In the formulation of the plate element, the assumptions adopted in the 
shear deformable plate can be summarized as: 

1) the plate is linearly elastic, 
2) the plate undergoes small lateral deflections, 
3) transverse normals do not elongate, 
4) straight lines perpendicular to the midsurface before deformation, remain straight after 

deformation, and 
5) the transverse normals to the midsurface before deformation remain straight but not 

necessarily normal to the midsurface after deformation. 
The last assumption results in a constant state of transverse shear strains through the 

thickness and zero transverse normal strains. The most significant difference between the 
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classical and shear deformation theories is the effect of including transverse shear deformation 
on the predicted deflections. 

Computer Program 
The theoretical development of the finite element method formulation of the elastic shear 

deformable plate theory and the Boussinesq foundation model were implemented into a linear 
finite element computer code named RSLABN (Bulut 2001). The finite element method 
computer code can be used to analyze ribbed slabs or slabs of constant thickness on expansive as 
well as compressible soils. The program employs the small-displacement theory and can 
consider orthotropic plate behavior so that two different Young's modulus values can be 
assigned to the reinforced concrete slab in two perpendicular directions. The foundation soil is 
modeled using the Boussinesq elastic continuum formulation. The Boussinesq equation for 
surface deflection is used for determining the stiffness matrix of the foundation soil. This is 
different from the more commonly known Winkler (or spring) model where the springs behave 
independent of each other while in an elastic continuum model there is interaction of neighboring 
soil elements. The plate is considered to be an assemblage of rectangular finite elements and the 
behavior of each element is characterized by a stiffness matrix. The element stiffness matrices 
are assembled into a total structural stiffness matrix by using the conditions of continuity of 
displacements and equilibrium of nodal forces. Once the plate model has been assembled, it 
must be connected, in some way, to the supporting soil foundation. This requires the derivation 
of foundation stiffness coefficients associated with the nodal points corresponding to those in the 
plate model (Bulut 2001). The assembled matrices (Eq. 3) are then solved to obtain the nodal 
displacements. 

(3) 

where [K] is the overall stiffness matrix, {~} is the displacement vector, and {f} is the load 
vector. 

The code accepts the vertical differential soil movements, Ym, over the range of edge 
moisture variation distance, em, as input data to represent the distortion modes for expansive soils 
in calculating the displacements and the stresses within the slab. As it has been mentioned in the 
previous sections, there are mainly two types of critical foundation soil distortion modes due to 
the soil swelling and shrinking. These modes of distortion create soil surfaces of mound shapes; 
edge lift and center lift cases. The vertical movements within the edge moisture variation 
distances are the differential movements the soil would have in the absence of the weight of the 
slab which, because of its flexural rigidity, will suppress the higher spots of the differential 
movement (Fig. 5). The problem of soil-slab interaction is solved by superimposing flexible slab 
on the unloaded differential soil profile. 

Gaps occur between the slab and the soil at some points when the slab interacts with these 
mound shapes. The program has an iterative scheme for checking the contact points between the 
slab and the pre-deformed mound shapes for the center and edge lift conditions. When gaps are 
developed at some points, the stiffness coefficients of the soil at those locations are set to zero. 
The program goes through a number of iterations and checks for contact points between two 
successive iterations. If the number of contact points between the previous and the current 
iteration are the same, then the program has converged. It usually takes several iterations to 
converge to the real solution. These types of problems are considered as non-linear in the 
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geotechnical engineering discipline due to the partial contact conditions and the iteration 
schemes involved. 

Soil Differential Movement Profile 
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Fig. 5. Soil-Slab Interaction Resulting in Differential Slab Movement. 

Verification of Computer Program 
The linear elastic analysis verification of the program mainly consists of solving an example 

problem contained in the PTI slab manual and then comparing the results with the PTI results. 
Details of the example problem (i.e., example one: a residential slab on expansive soil 
constructed in a dry climate) can be found in the PTI slab manual. This slab is constructed in a 
dry climate, where the Thorntwaite Moisture Index is -16, in which the center lift condition 
generally controls the flexural design (Lytton and Meyer 1971). However, the slab is being 
analyzed for both center and edge lift conditions. The slab is discretized into 246 rectangular 
finite elements with 282 nodal points. The slab plan geometry is depicted in Fig. 6. 

Center Lift Analysis 
The residential slab example is analyzed with the case of stiffening beams, as the beam 

locations are shown in Fig. 6, and with the case of constant thickness. The constant thickness 
slab is obtained by converting the ribbed slab into an equivalent thickness slab that has the same 
cross-sectional moment of inertia as with the stiffening beam slab. These two analyses help to 
explain the distribution of the stresses within a constant thickness slab and as well as a slab with 
the cross stiffening beams both in x- and y-directions. The comparison of the moments in x-
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direction, twisting moments, and shears in the x-direction are depicted in Fig. 7, Fig. 8, and Fig. 
9, respectively. The complete set of plots for the displacements, moments, and shear forces for 
both ribbed and constant thickness slabs for this example can be found in Bulut (2001). 
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Fig. 6. Slab Geometry. 

I 
24 ft 

I 

The comparison of results from the program and the PTI manual for the example problem 
are depicted in Table 1. As it is seen from Table 1, values for the maximum average moments 
and shear forces from the ribbed slab analysis are comparable with the PTI results. However, the 
results from the constant thickness analysis are lower than the ones from both the ribbed and PTI 
slab analysis. The differential deflection values obtained from the program for both the ribbed 
and constant thickness slabs are higher than the differential deflections from the PTI example. 
However, the program results in more conservative the !!JL ratios. The!!JL ratios for the 
RSLABN analyses were found by determining the largest departure, 1.1, from the straight line 
joining the high point to the low point. The length of the line was taken as L. 

The maximum average moment quantities shown in Table 1 for the ribbed slab are 
determined by adding the products of the moments in each plate element and dividing the sum by 
the width of the slab. The same process is followed to determine the maximum average shear 
forces. The RSLABN finite element computer program will enable to demonstrate the soil
structure interaction behavior of the whole slab, which is simply not possible with the PTI 
method in which the overlapping method of rectangular slabs misses to show the critical stress 
points within the slab. As it is seen from Fig. 7, with the capability of handling the ribbed slab 
analysis, the program can calculate the moment concentrations within the beams and can predict 
their locations. Structural engineers now will be able to design the beams for these high values 
of moments developed within the beams. Twisting moments can also be calculated with the 
program. PTI method does not calculate these moments. Figure 8 shows that twisting moments 
can reach very high values, which need special attention for design purposes. 
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Ribbed Slab 

Flat Slab 

Fig. 7. Center Lift Analysis, Moment in x-Direction. 
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Ribbed Slab 

Flat Slab 

Fig. 8. Center Lift Analysis, Twisting Moment. 
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Ribbed Slab 

Flat Slab 

Fig. 9. Center Lift Analysis, Shear in x-Direction. 
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Table 1. Comparison of Stresses and Deflections, Center Lift Case. 

Constant Thickness Ribbed Example No.1 
Slab Slab PTIManual 

(RSLABN AnalJ::sis) (RSLABN AnalJ::sis) (Design) 
Moment,Mx 

(kips ftlft) 4.79 11.52 11.509 

Moment, My 
5.17 9.83 12.18 (kips ftlft) 

Shear Force, Qx 
(kips/ft) 0.93 1.85 2.105 

Shear Force, Qy 
1.03 1.74 1.965 (kips/ft) 

Differential x-direct. ~-direct. 

Deflection, 8 (in.) 1.01 2.43 0.72 0.757 
(11IL) (112008) (11701) (1/400) (11665) 

Edge Lift Analysis 
The residential slab example is analyzed with the case of stiffening beams and with the case 

of constant thickness (Fig. 6). The constant thickness slab is obtained by converting the ribbed 
slab into an equivalent thickness slab that has the same cross-sectional moment of inertia as with 
the stiffening beam slab. The comparison of the moments in x-direction, twisting moments, and 
shears in the x-direction are depicted in Fig. 10, Fig. 11, and Fig. 12, respectively. The 
comparison of results from the program and the PTI manual for the example problem are 
presented in Table 2 for the edge lift analysis case. As it is seen from Table 2, values for the 
moments from the constant thickness slab analysis are comparable with the PTI results. 
However, the results from the ribbed slab analysis are much higher than the ones from both the 
constant thickness and PTI slab analysis. The program results in higher shear force values for 
both constant thickness and ribbed slab analysis than the PTI values. The differential deflection 
values obtained from the program for both the ribbed and constant thickness slabs are higher 
than the differential deflections from the PTI example. However, the program results in 
conservative 11IL ratios. 

These conclusions were made from analyzing an example problem from the PTI manual; 
therefore, it is very difficult to generalize these conclusions for all slab types and different input 
variables. Using the edge moisture variation distance, em, and differential soil movement, Ym, the 
structural engineer can analyze the slab for displacements, moments, and shear forces and in tum 
use these results for design of the slab. As explained in the above sections, the geotechnical 
engineer can provide the two important parameters (i.e., em and Ym) employing the new VOLFLO 
Win 1.0 program which is based on unsaturated soil mechanics principles and employs basic 
laboratory test results. 
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Ribbed Slab 

Flat Slab 

Fig. 10. Edge Lift Analysis, Moment in x-Direction. 
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Ribbed Slab 

Flat Slab 

Fig. 11. Edge Lift Analysis, Twisting Moment. 
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Ribbed Slab 

Flat Slab 

Fig. 12. Edge Lift Analysis, Shear in x-Direction. 
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Table 2. Comparison of Stresses and Deflections, Edge Lift Case. 

Constant Thickness Ribbed Example No.1 
Slab Slab PTIManual 

(RSLABN Analysis) (RSLABN Analysis) (Design) 
Moment,Mx 
(kips fUft) 2.38 8.73 2.66 

Moment, My 
2.29 11.10 3.01 (kips ftlft) 

Shear Force, Qx 
(kips/ft) 5.71 4.66 1.752 

Shear Force, Qy 
3.10 4.37 1.681 (kips/ft) 

Differential x-direct. )!-direct. 
Deflection, 8 (in.) 1.09 1.46 0.231 0.219 
(NL) (111366) (111723) (112182) (111315) 

Discussion 
An analytical study was undertaken in this study to develop an improved analysis method 

for calculating the performance of slabs on expansive soils. A Finite element method 
formulation of slabs on elastic continuum foundations was developed to analyze this complex 
soil-structure system. To more correctly model the soil-structure interaction, the RSLABN 

program can accommodate any practical geometric shapes composed of rectangular finite 
elements, stiffening beams, and variable loading conditions. In addition, the calculation of 
twisting moments is possible with this program. The program can also model the anisotropic 
properties of the reinforced concrete slab in two perpendicular directions, mainly x- and y
directions. With the program it is now possible to examine the overall behavior of the slab and 
to locate the stress concentrations for the purpose of design. This was not entirely possible with 
the overlapping process of the PTI method, which was missing the stress concentration values 
and their locations. The analysis emphasizes that the reentrant comers are the critical locations 
for stress concentrations. It is also seen that the stiffening beams are carrying most of the 
stresses. 

The RSLABN program was compared with the example problems in the PTI manual. The 
analysis was done for a flat slab and a ribbed slab having the same cross sectional moment of 
inertia and the results were compared with the results in the PTI manual. Based on the 
conclusions from investigating a single example problem from the PTI manual, the analysis 
shows that the PTI method is conservative for the center lift case, but is not conservative for the 
edge lift case. The RSLABN finite element computer program can effectively be employed for 
analyses of slabs constructed on expansive soils. This program can calculate displacements, 
moments, shear forces based on a realistic soil-structure interaction model. 
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Soil Suction Measurements by Filter Paper 
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Abstract 
  
This paper reports on an evaluation of wetting and drying filter paper suction 
calibration and soil total and matric suction measurement techniques of filter paper 
method.  Calibration of the method was investigated by constructing two calibration 
curves; one by using the process of wetting the filter papers through vapor flow and 
the other by using the method of drying the filter papers through fluid flow.  The 
wetting curve was constructed using sodium chloride (NaCl) salt solutions and 
Schleicher & Schuell No. 589-WH filter papers.  It was found that the change in the 
wetting suction curve is very sensitive to minor changes in filter paper water content 
below about 1.5 log kPa (2.5 pF) suction.  The drying curve was established by 
employing both pressure plate and pressure membrane devices and the same filter 
papers.  In developing the filter paper calibration curves, the capabilities, pitfalls, and 
limitations of the method are also discussed. 
 
Introduction 
 
The filter paper method is a soil suction measurement technique.  Soil suction is one 
of the most important parameters describing the moisture condition of unsaturated 
soils.  The measurement of soil suction is crucial for applying the theories of the 
engineering behavior of unsaturated soils.  The filter paper method is an inexpensive 
and relatively simple laboratory test method, from which both total and matric 
 
------------------ 
1Graduate Student, Department of Civil Engineering, Texas A&M University, 
College Station, Texas 77843-3136; phone 979-458-4147; r-bulut@tamu.edu. 
2A.P. and Florence Wiley Professor of Civil Engineering, Texas A&M University, 
College Station, Texas 77843-3136; phone 979-845-8211; r-lytton@tamu.edu. 
3Provost and Senior Vice President for Academic and Student Affairs, Michigan 
Technological University, Houghton, Michigan 49931-1295; wkwray@mtu.edu. 

 
243 

 
 

 



 
 
 

suction measurements are possible.  With a reliable soil suction measurement 
technique, the initial and final soil suction profiles can be obtained from samples 
taken at convenient depth intervals.  The change in suction with seasonal moisture 
movement is valuable information for many engineering applications. 

This paper evaluates calibration techniques for filter paper wetting and drying 
processes, and soil total and matric suction measurements with filter paper method 
by construction of two calibration curves.  The wetting curve was constructed using 
NaCl salt solutions and Schleicher & Schuell No. 589-WH filter papers.  Salt 
solutions and filter papers were brought to equilibrium through vapor flow (filter 
paper wetting process) at isothermal conditions.  Equilibrium time and temperature 
were two weeks and 25oC, respectively.  The temperature was maintained at 25oC 
within ± 0.1oC fluctuations.  The drying curve was established using both pressure 
plate and pressure membrane devices and the same filter papers.  The pressure plate 
apparatus can measure matric suction values up to 150 kPa.  However, with the 
pressure membrane device matric suction values can be extended up to 10,000 kPa.  
The equilibration periods were selected as 3, 5, and 7 days depending on the testing 
set up, which will be described below. 
 
A Brief Historical Background 
 
There are many soil suction measurement techniques and instruments in the fields of 
soil science and engineering.  Most of these instruments have limitations with regard 
to range of measurement, equilibration times, and cost.  Therefore, there is a need for 
a method which can cover the practical suction range, be adopted as a basis for 
routine testing, and is inexpensive.  One of those soil suction measurement 
techniques is the filter paper method, which was evolved in Europe in the 1920s and 
came to the United States in 1937 with Gardner (1937).  Since then, the filter paper 
method has been used and investigated by numerous researchers (Fawcett and Collis-
George 1967; McQueen and Miller 1968; Al-Khafaf and Hanks 1974; McKeen 
1980; Hamblin 1981; Chandler and Guierrez 1986; Houston et al. 1994; Swarbrick 
1995), who have tackled different aspects of the filter paper method.  Different types 
of materials were used, such as filter papers and suction measuring devices, and 
different experimental techniques to calibrate the filter paper and to measure suction 
of the soil sample.  Therefore, it is very difficult to compare these methods on a one-
to-one basis. 
     All the calibration curves established from Gardner (1937) to Swarbrick 
(1995) appear to have been constructed as a single curve by using different filter 
papers, a combination of different soil suction measuring devices, and different 
calibrating testing procedures.  However, Houston et al. (1994) developed two 
different calibration curves; one for total suction and one for matric suction 
measurements using Fisher quantitative coarse filter papers.  For the total suction 
calibration curve, saturated salt solutions and for the matric suction calibration curve 
tensiometers and pressure membranes were employed.  Houston et al. (1994) 
reported that the total and matric suction calibration curves were not compatible. 
This simply implies that two different calibration curves, one for matric and one for 
total suction, need to be used in soil suction measurements.  However, in this paper 
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the fact is presented that the two curves reflect an expected hysteresis between 
wetting and drying effects and that the appropriate curve for both matric and total 
suction is the wetting curve since this matches the process that the filter paper 
undergoes in the measurement process. 
 
Soil Suction Concept 
 
In general, porous materials have a fundamental ability to attract and retain water. 
The existence of this fundamental property in soils is described in engineering terms 
as suction, negative stress in the pore water.  In engineering practice, soil suction is 
composed of two components: matric and osmotic suction (Fredlund and Rahardjo 
1993).  The sum of matric and osmotic suction is called total suction.  Matric suction 
comes from the capillarity, texture, and surface adsorptive forces of the soil.  
Osmotic suction arises from the dissolved salts contained in the soil water.  This 
relationship can be formed in an equation as follows: 
 

πhhh mt +=                                                      (1) 
 

where ht = total suction (kPa), hm = matric suction (kPa), and hπ = osmotic suction 
(kPa). 

Total suction can be calculated using Kelvin’s equation, which is derived 
from the ideal gas law using the principles of thermodynamics and is given as: 
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where ht =  total suction, R  = universal gas constant, T =  absolute temperature, V = 
molecular volume of water, P / Po  = relative humidity, P = partial pressure of pore 
water vapor, and Po =  saturation pressure of water vapor over a flat surface of pure 
water at the same temperature. 

If Eq. (2) is evaluated at a reference temperature of 25oC, the following total 
suction and relative humidity relationship can be obtained: 

 
                                                     ( )ot PPh ln137182×=                                          (3) 
 
Figure 1 shows a plot of Eq. (3) at 25oC temperature.  From Fig. 1, it can be seen that 
there is nearly a linear relationship between total suction (ht) and relative humidity 
(P/Po) over a very small relative humidity range.  It can be said, in general, that in a 
closed system under isothermal conditions the relative humidity may be associated 
with the water content of the system such as 100 percent relative humidity refers to a 
fully saturated condition.  Therefore, the suction value of a soil sample can be 
inferred from the relative humidity and suction relationship if the relative humidity is 
evaluated in some way.  In a closed system, if the water is pure enough, the partial 
pressure of the water vapor at equilibrium is equal to the saturated vapor pressure at 

 
245 

 
 

 



 
 
 

temperature, T.  However, the partial pressure of the water vapor over a partly 
saturated soil will be less than the saturation vapor pressure of pure water due to the 
soil matrix structure and the free ions and salts contained in the soil water (Fredlund 
and Rahardjo 1993). 

In engineering practice, soil suction has usually been calculated in pF units 
(Schofield 1935) (i.e., suction in pF = log10(|suction in cm of water|)).  However, soil 
suction is also currently being represented in log kPa unit system (Fredlund and 
Rahardjo 1993) (i.e., suction in log kPa = log10(|suction in kPa|)).  The relationship 
between these two systems of units is approximately suction in log kPa = suction in 
pF – 1. 
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Figure 1.  Total Suction versus Relative Humidity. 

 
If total suction in kPa from Fig. 1 is converted to log kPa units, Fig. 2 is 

obtained.  The difference between Fig. 1 and Fig. 2 is only the suction unit.  The 
suction unit in Fig. 1 is kPa whereas it is log kPa in Fig. 2.  From Fig. 2 it can clearly 
be seen that when relative humidity approaches 100 percent, the total suction 
becomes very sensitive.  The sensitivity in the suction is due to the common 
logarithm used to convert suction from kPa to the log kPa unit. 

Matric suction can be calculated from pressure plate and pressure membrane 
devices as the difference between the applied air pressure and water pressure across a 
porous plate.  Matric suction can be formed in a relationship as follows: 
 

( )wam uuh −−=                                              (4) 
 
where hm = matric suction, ua = applied air pressure, and uw = free water pressure at 
atmospheric condition. 
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The osmotic suction of electrolyte solutions, that are usually employed in the 
calibration of filter papers and psychrometers, can be calculated using the 
relationship between osmotic coefficients and osmotic suction.  Osmotic coefficients 
are readily available in the literature for many different salt solutions.  Table 1 gives 
the osmotic coefficients for several salt solutions.  Osmotic coefficients can also be 
obtained from the following relationship (Lang 1967): 
 

                                                     ⎟⎟
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ln
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φ                                               (5) 

 
where φ = osmotic coefficient, v =  number of ions from one molecule of salt (i.e., v = 
2 for NaCl, KCl, NH4Cl and v = 3 for Na2SO4, CaCl2, Na2S2O3, etc.), m  = molality, 
w = molecular mass of water, and ρw =  density of water. 
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Figure 2.  Total Suction and Relative Humidity Relationship. 

 
The relative humidity term (P/Po) in Eq. (5) is also known as the activity of 

water (aw) in physical chemistry of electrolyte solutions.  The combination of Eq. (2) 
and Eq. (5) gives a useful relationship that can be adopted to calculate osmotic 
suctions for different salt solutions: 
 

φπ vRTmh −=                                                 (6) 
 
Table 2 gives osmotic suctions for several salt solutions using osmotic coefficients 
from Table 1 and Eq. (6). 
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Table 1.  Osmotic Coefficients of Several Salt Solutions. 
 

Osmotic Coefficients 
at 25oC 

Molality 
(m) NaCla KCla NH4Cla Na2SO4

b CaCl2c Na2S2O3
b MgCl2c

0.001 0.9880 0.9880 0.9880 0.9608 0.9623 0.9613 0.9627 
0.002 0.9840 0.9840 0.9840 0.9466 0.9493 0.9475 0.9501 
0.005 0.9760 0.9760 0.9760 0.9212 0.9274 0.9231 0.9292 
0.010 0.9680 0.9670 0.9670 0.8965 0.9076 0.8999 0.9106 
0.020 0.9590 0.9570 0.9570 0.8672 0.8866 0.8729 0.8916 
0.050 0.9440 0.9400 0.9410 0.8229 0.8619 0.8333 0.8708 
0.100 0.9330 0.9270 0.9270 0.7869 0.8516 0.8025 0.8648 
0.200 0.9240 0.9130 0.9130 0.7494 0.8568 0.7719 0.8760 
0.300 0.9210 0.9060 0.9060 0.7262 0.8721 0.7540 0.8963 
0.400 0.9200 0.9020 0.9020 0.7088 0.8915 0.7415 0.9206 
0.500 0.9210 0.9000 0.9000 0.6945 0.9134 0.7320 0.9475 
0.600 0.9230 0.8990 0.8980 0.6824 0.9370 0.7247 0.9765 
0.700 0.9260 0.8980 0.8970 0.6720 0.9621 0.7192 1.0073 
0.800 0.9290 0.8980 0.8970 0.6629 0.9884 0.7151 1.0398 
0.900 0.9320 0.8980 0.8970 0.6550 1.0159 0.7123 1.0738 
1.000 0.9360 0.8980 0.8970 0.6481 1.0444 0.7107 1.1092 
1.200 0.9440 0.9000 0.8980 … … … … 
1.400 0.9530 0.9020 0.9000 … … … … 
1.500 … … … 0.6273 1.2004 0.7166 1.3047 
1.600 0.9620 0.9050 0.9020 … … … … 
1.800 0.9730 0.9080 0.9050 … … … … 
2.000 0.9840 0.9120 0.9080 0.6257 1.3754 0.7410 1.5250 
2.500 1.0130 0.9230 0.9170 0.6401 1.5660 0.7793 1.7629 

References: 
aHamer and Wu, 1972 
bGoldberg, 1981 
cGoldberg and Nuttall, 1978 
 
The Filter Paper Method 
 
The filter paper method has long been used in soil science and engineering practice 
and it has recently been accepted as an adaptable test method for soil suction 
measurements because of its advantages over other suction measurement devices.  
Basically, the filter paper comes to equilibrium with the soil either through vapor 
(total suction measurement) or liquid (matric suction measurement) flow.  At 
equilibrium, the suction value of the filter paper and the soil will be equal.  After 
equilibrium is established between the filter paper and the soil, the water content of 
the filter paper disc is measured.  Then, by using a filter paper water content versus 
suction calibration curve, the corresponding suction value is found from the curve. 
     This is the basic approach suggested by ASTM Standard Test Method for 
Measurement of Soil Potential (Suction) Using Filter Paper (ASTM D 5298).  In 
other words, ASTM D 5298 employs a single calibration curve that has been used to 
infer both total and matric suction measurements.  The ASTM D 5298 calibration 
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curve is a combination of both wetting and drying curves.  However, this paper 
demonstrates that the “wetting” and “drying” suction calibration curves do not 
match, an observation that was also made by Houston et al. (1994). 
 
Table 2.  Osmotic Suctions of Several Salt Solutions. 
 

Osmotic Suctions in kPa 
at 25oC 

Molality 
(m) NaCl KCl NH4Cl Na2SO4 CaCl2 Na2S2O3 MgCl2

0.001 5 5 5 7 7 7 7 
0.002 10 10 10 14 14 14 14 
0.005 24 24 24 34 34 34 35 
0.010 48 48 48 67 67 67 68 
0.020 95 95 95 129 132 130 133 
0.050 234 233 233 306 320 310 324 
0.100 463 460 460 585 633 597 643 
0.200 916 905 905 1115 1274 1148 1303 
0.300 1370 1348 1348 1620 1946 1682 2000 
0.400 1824 1789 1789 2108 2652 2206 2739 
0.500 2283 2231 2231 2582 3396 2722 3523 
0.600 2746 2674 2671 3045 4181 3234 4357 
0.700 3214 3116 3113 3498 5008 3744 5244 
0.800 3685 3562 3558 3944 5880 4254 6186 
0.900 4159 4007 4002 4384 6799 4767 7187 
1.000 4641 4452 4447 4820 7767 5285 8249 
1.200 5616 5354 5343 … … … … 
1.400 6615 6261 6247 … … … … 
1.500 … … … 6998 13391 7994 14554 
1.600 7631 7179 7155 … … … … 
1.800 8683 8104 8076 … … … … 
2.000 9757 9043 9003 9306 20457 11021 22682 
2.500 12556 11440 11366 11901 29115 14489 32776 

 
Calibration for the Suction Wetting Curve 
 
The calibration for the suction wetting curve for filter paper using salt solutions is 
based upon the thermodynamic relationship between total suction (or osmotic 
suction) and the relative humidity resulting from a specific concentration of a salt in 
distilled water.  The thermodynamic relationship between total suction and relative 
humidity is given in Eq. (2).   
     In this study, NaCl was selected as an osmotic suction source for the filter 
paper calibration.  Salt concentrations from 0 (distilled water) to 2.7 molality were 
prepared and filter papers were simply placed above salt solutions (in a non-contact 
manner) in sealed containers.  The calibration test configuration adopted for this 
research is shown in Fig. 3.  The filter paper and salt solution setups in the sealed 
containers were put in a constant temperature environment for equilibrium.  
Temperature fluctuations were kept as low as possible during a two week 
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equilibration period.  A water bath was employed for this purpose, in which 
temperature fluctuations did not exceed ± 0.1oC. 

 

Lid

Glass
jar

Plastic
support

Filter
papers

Salt
solution

Figure 3.  Total Suction Calibration Test Configuration. 
 

Before commencing the filter paper calibration experiments and the soil 
suction measurements, all the items related to filter paper testing were cleaned 
carefully.  Latex gloves and tweezers were used to handle the materials in nearly all 
steps of the experiment.  The filter papers and aluminum cans for water content 
measurements were never touched with bare hands because oily hands may cause the 
filter papers to absorb more water.  In addition, it is suggested that the filter paper 
water content measurements are performed by two persons in order to reduce the 
time during which the filter papers are exposed to the laboratory atmosphere and, 
thus, the amount of moisture lost or gained during measurements is kept to a 
minimum. 
 
Experimental Procedure for Wetting Curve Calibration 
 
The procedure that was adopted for the experiment is as follows: 

 
1. NaCl solutions were prepared from 0 (i.e., distilled water) to 2.7 molality (i.e., the 

number of moles of NaCl in mass in 1,000 ml of distilled water). 
2. A 250 ml glass jar was filled with approximately 150 ml of a solution of known 

molality of NaCl.  Then, a small plastic cup was inserted into the glass jar to 
function as a support for filter papers.  Two filter papers were put on the plastic 
cup one on top of the other.  The glass jar lid was sealed tightly with plastic tapes 
to ensure air tightness.  The configuration of the setup is depicted in Fig. 3. 

3. Step 2 was repeated for each different NaCl concentration. 
 

 
250 

 
 

 



 
 
 

The glass jars were inserted into large plastic containers and the containers 
were sealed with water proof tape.  Then, the containers were put into sealed plastic 
bags for extra protection.  After that, the containers were inserted into the water bath 
for an equilibration period.  After two weeks of equilibrating time, the procedure for 
the filter paper water content measurements was as follows: 
 
1. Before taking the plastic containers from the water bath, all aluminum cans were 

weighed to the nearest 0.0001 g. accuracy and recorded on a filter paper water 
content measurement data sheet, similar to the one provided in ASTM D 5298. 

2. After that, all measurements were carried out by two persons.  For instance, while 
one person was opening the sealed glass jar, the other person was transferring the 
filter paper, using tweezers, into the aluminum can very quickly (i.e., in a few 
seconds, usually less than 5 seconds).  The lid was placed on each aluminum can 
immediately. 

3. Then, the weights of each can with filter papers inside were very quickly 
measured to the nearest 0.0001 g. 

4. Steps 2 and 3 were followed for every glass jar.  Then, all the cans were put into 
the oven with the lids half-open to allow evaporation.  All filter papers were kept 
at 105 ± 5oC temperature for 24 hours inside the oven.  This is the standard test 
method for soil water content measurements.  However, it is only necessary to 
keep the filter paper in the oven for at least 10 hours. 

5. Before taking measurements, the cans were closed with their lids and allowed to 
equilibrate in the oven for about 5 minutes.  Then, a can was removed from the 
oven and put on an aluminum block for about 20 seconds to cool down; the 
aluminum block acted as a heat sink and expedited the cooling of the can.  This is 
to eliminate temperature fluctuations and air currents in the enclosed weighing 
scale.  After that, the can with dry filter paper inside was weighed to the nearest 
0.0001 g. very quickly.  The dry filter paper was taken out of the can and the 
cooled can was also weighed very quickly. 

6. Step 5 was repeated for every can. 
 
Wetting Calibration Curve 
 
A wetting curve was constructed from the filter paper test results by following the 
procedure described above.  The curve obtained for Schleicher & Schuell No. 589-
WH filter papers using sodium chloride salt solutions is depicted in Fig. 4.  Figure 4 
clearly shows the sensitivity of total suction to very small changes in filter paper 
water content values when the relative humidity approaches 100%.  The reason 
behind this sudden drop in suction was briefly explained with Fig. 2 and it will be 
discussed in detail in the following paragraphs. 
     There is an inverse relationship between total suction and relative humidity at 
a constant temperature (i.e., Eq. (2)).  Figure 1 was obtained by plotting Kelvin’s 
equation for 25oC temperature.  From the relationship, total suction is equal to zero 
when relative humidity is 100 percent (i.e., fully saturated condition).  On the other 
hand, total suction becomes very large when relative humidity decreases, but the 
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change in relative humidity is very small with respect to the change in total suction.  
For instance, a relative humidity of 94 percent at a temperature of 25oC corresponds 
 

|ht|= -8.247w + 5.4246
R2 = 0.9969

(1.5 < |ht| < 4.15)
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Figure 4.  Filter Paper Wetting Calibration Curve. 

 
to a total suction value of 8,488 kPa.  Since the total suction values in engineering 
practice are often represented in logarithmic scales (i.e., pF or log kPa), the total 
suction values in log kPa units versus relative humidity were plotted in Fig. 2 in 
order to see the effect of the logarithmic scale on the relationship.  From the figure, it 
is seen that total suction decreases dramatically when relative humidity approaches 
100 percent. 

Different concentrations of sodium chloride solutions were plotted against 
corresponding osmotic (or total) suction values both in kPa and log kPa units at 25oC 
in Figs. 5 and 6, respectively.  As expected, the trend of the curves are similar to the 
trend of the curves obtained for relative humidity versus total suction for both kPa 
and log kPa units in Figs. 1 and 2, respectively.  For example, a high concentration 
salt solution at a constant temperature in a closed container has low relative humidity 
above its surface. 

Figure 7 depicts a plot of the wetting curve in kPa units versus filter paper 
water contents obtained in this research.  In other words, if the suction values in Fig. 
4 are plotted in kPa units, Fig. 7 is obtained.  From the figure, the sensitivity of the 
filter paper water contents and total suction relationship can clearly be seen at very 
low suction values.  From the relationships between total suction and relative 
humidity (i.e., Figs. 1 and 2), total suction and salt solutions (i.e., Figs. 5 and 6), and 
total suction and filter paper water contents (i.e., Figs. 4 and 7) it can be concluded 
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that the dramatic decrease in total suction at high water contents depends on the 
nature of the relationship between total suction and relative humidity from Kelvin’s 
equation and on the use of the logarithmic scale for total suction.  In addition, soils 
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Figure 5.  Osmotic Suction versus NaCl Solutions. 
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Figure 6.  Osmotic Suction versus NaCl Solutions at 25oC. 
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tend to absorb more water for a small change in suction at very low suction values 
(Baver et al. 1972), and since filter papers, like soils, are porous materials they are 
very sensitive for absorbing water at low suction values. 
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Figure 7.  Filter Paper Wetting Calibration Curve in kPa Units. 

 
Calibration for the Suction Drying Curve 
 
Pressure plate and pressure membrane devices were employed in the drying filter 
paper calibration.  A schematic drawing of a pressure plate or pressure membrane 
apparatus is depicted in Fig. 8.  For the drying suction calibration of the filter paper, 
a contact path is provided between the filter paper and the measuring device so as to 
eliminate the osmotic suction component of total suction.  In other words, if transfer 
of the soil water is allowed only through fluid flow, dissolved salts will move with 
the soil water, and the measuring device will not detect the osmotic suction 
component.   
     Pressure plate and pressure membrane devices operate by imposing a suction 
value (i.e., applied air pressure minus water pressure at atmospheric condition) on a 
given specimen which can be a soil or filter paper.  The filter paper is put into the 
suction measuring device in a manner that ensures good contact with the porous plate 
or cellulose membrane.  In this process, the main concern is to make sure that an 
intimate contact is provided between the water inside the filter paper and the water 
inside the porous disk so that transfer of the water is allowed only through 
continuous water films.  To investigate the degree of contact between the filter paper 
and porous disk, the testing procedure and setup as depicted in Fig. 8 were 
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undertaken in this study.  Three different soils (i.e., a fine clay, sandy silt, and pure 
sand) were used in the calibration process of filter papers in order to investigate the 
role of soils in establishing a good contact between the filter paper and porous disk. 

(a)            (b)               (c)              (d)

Lid Air supply

Pressure
chamber

Water
reservoir

Ceramic plate or
cellulose membrane

Water outlet

Soil
samples

(a) One filter paper between two larger size protective filter
papers embedded into the soil sample.

(b) One filter paper makes contact with the porous plate or
membrane and covered on top with a larger size protective
filter paper in the soil sample.

(c) One filter paper makes contact with the porous plate or
membrane and covered on top with two larger size
protective filter papers.

(d) One filter paper on the porous plate or membrane.

Figure 8.  Schematic Drawing of a Pressure Plate or Membrane Device. 
 
Experimental Procedure for Drying Curve Calibration 
 
The procedure that was adopted for the experiment is as follows: 

 
1. Prior to each test, the porous disk or membrane and the soils were saturated with 

distilled water at least one day in advance, so that all the pores were fully 
saturated with water. 

2. The testing configuration as in Fig. 8 was established using one of the soils (i.e., 
fine clay or sandy silt or pure sand).  Figure 8 explains how the filter papers, soil, 
and protective papers were arranged in the experiment.  The soil specimens with 
the filter papers were placed on the saturated disks and the level of distilled water 
on the plate was raised enough to cover all of the filter papers.  All of the air 
bubbles were eliminated during placement of the filter paper, soil, and protective 
paper arrangement on the ceramic disk by carefully pressing the bubbles out to 
the edges of each.  The air bubbles were pressed out of the sample using a small 
diameter glass pipe and a large diameter glass cylinder. 
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3. After the pressure chamber was tightened, with the influence of the applied air 
pressure the water inside the soil specimen and filter papers were forced out 
through the porous plate or membrane and collected in a graduated cylinder until 
a suction equilibrium between the soil and filter papers and the applied air 
pressure was established. 

 
An equilibration period between 3 and 5 days is commonly suggested for 

matric suction measurements using pressure plates and membranes (ASTM D 5298, 
Houston et al. 1994, Lee 1991).  The equilibrating periods used for this study varied 
between 3, 5, and 7 days depending on the testing set up.  For instance, when filter 
papers were embedded in the soil, equilibrating periods were 7 days for the fine clay 
and 5 days for the sandy silt set up, but the equilibrating period was 3 days when 
filter papers embedded in the pure sand or when only filter papers were used.  
However, all the three soils were also tested with filter papers inside in the same 
pressure chamber to check the differences between the filter paper water contents.  
To obtain the filter paper water contents, the same procedure described in the 
Wetting Curve Calibration Procedure was followed. 
 
Drying Calibration Curve 
 
A drying curve was established from the filter paper test results by following the 
procedure described above.  The curve obtained for Schleicher & Schuell No. 589-
WH filter papers using both pressure plate and pressure membrane devices is 
depicted in Fig. 9.  Each data point on Fig. 9 is an average of at least three tests and 
each test data is an average of at least four filter papers.  The standard errors for the 
straight line and curved portions of the drying curve are 0.135 and 0.116 log kPa 
units, respectively.  The standard error for the straight line portion of the wetting 
curve is 0.044 log kPa.  With the pressure membrane the highest matric suction 
obtained was 4,570 kPa and suctions below 150 kPa were obtained using the 
pressure plate apparatus.  The corresponding wetting calibration curve is also shown 
in Fig. 9.  It plots below the drying suction curve, as is expected of the hysteresis 
process. 

Very high filter paper water contents were obtained when all the three soils 
were used as in the set up (a) as shown in Fig. 8.  However, the filter paper water 
contents were all comparable as obtained from the set ups (b), (c), and (d) as in Fig. 
8.  The results from (b) were slightly wetter than (c) and the results from (d) were 
slightly drier than (c).  In obtaining the calibration curve, the filter papers from the 
set up arrangements (b), (c), and (d) were used. 
 
Soil Total and Matric Suction Measurements 
 
Soil total suction measurements are similar to those measurements in the filter paper 
calibration testing.  The same testing procedure can be followed by replacing the salt 
solution with a soil sample.   

Soil matric suction measurements are also similar to the total suction 
measurements except that an intimate contact should be provided between the filter 
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paper and the soil.  A suggested testing procedure for soil total and matric suction 
measurements using filter papers is outlined in Appendix.  
 

Schleicher & Schuell
No. 589-WH Filter Paper

|h| = -8.247w + 5.4246
R2 = 0.9969

(1.5 < |h| < 4.15)

|h| = -6.6595w + 5.2262
R2 = 0.9905

(1.82 < |h| < 3.66)

|h| = 1.1451w-0.6526

R2 = 0.9821
(0.95 < |h| < 1.82)
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Figure 9.  Drying Suction Calibration Curve along with Wetting Suction Curve. 
 
Discussion 
 
The dramatic decrease of total suction at high filter paper water contents is related to 
the nature of Kelvin’s equation and to the use of the logarithmic scale (i.e., log kPa 
or pF).  These results conclude that the filter paper method can give reliable wetting 
suction results up to a point.  In other words, with the Schleicher & Schuell No. 589-
WH filter papers reliable wetting suction measurements can be taken at and above 
1.5 log kPa (2.5 pF), but below about 1.5 log kPa wetting suction results cannot be 
relied upon because a small error in measuring water content can result in a large 
error in the inferred suction.  Therefore, a best fit line up to 1.5 log kPa was made to 
plot Fig. 4, below which there is a sudden drop in the wetting suction. 

In the drying filter paper calibration testing, filter papers are initially fully 
saturated and with the application of air pressure the water inside the filter paper is 
driven out, which is a drying process.  However, the soil matric and total suction 
measurements follow a wetting process with the filter paper method.  Because of 
hysteresis, the wetting suction calibration curve must always plot below the drying 
calibration curve.  A final point; because both the matric and total suction 
measurements are wetting processes, they should, by these arguments, both be 
determined from the wetting calibration curve. 
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Appendix.  Soil Suction Measurements 
 
Soil Total Suction Measurements 
 
Glass jars that are between 250 to 500 ml volume size are readily available in the 
market and can be easily adopted for suction measurements.  Glass jars, especially, 
with 3.5 to 4 inch (8.89 to 10.16 cm) diameter can contain the 3 inch (7.62 cm) 
diameter Shelby tube samples very nicely.  A testing procedure for total suction 
measurements using filter papers can be outlined as follows:  
 
Experimental Procedure 
 
1. At least 75 percent by volume of a glass jar is filled up with the soil; the smaller 

the empty space remaining in the glass jar, the smaller the time period that the 
filter paper and the soil system requires to come to equilibrium. 

2. A ring type support, which has a diameter smaller than filter paper diameter and 
about 1 to 2 cm in height, is put on top of the soil to provide a non-contact 
system between the filter paper and the soil.  Care must be taken when selecting 
the support material; materials that can corrode should be avoided, plastic or 
glass type materials are much better for this job. 

3. Two filter papers one on top of the other are inserted on the ring using tweezers.  
The filter papers should not touch the soil, the inside wall of the jar, and 
underneath the lid in any way. 

4. Then, the glass jar lid is sealed very tightly with plastic tape. 
5. Steps 1, 2, 3, and 4 are repeated for every soil sample. 
6. After that, the glass jars are put into the ice-chests in a controlled temperature 

room for equilibrium. 
 

Researchers suggest a minimum equilibrating period of one week (ASTM D 
5298, Houston et al. 1994, Lee 1991).  After the equilibration time, the procedure for 
the filter paper water content measurements can be as follows: 

 
1. Before removing the glass jar containers from the temperature room, all 

aluminum cans that are used for moisture content measurements are weighed to 
the nearest 0.0001 g. accuracy and recorded. 

2. After that, all measurements are carried out by two persons.  For example, while 
one person is opening the sealed glass jar, the other is putting the filter paper into 
the aluminum can very quickly (i.e., in a few seconds) using tweezers. 

3. Then, the weights of each can with wet filter paper inside are taken very quickly. 
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4. Steps 2 and 3 are followed for every glass jar.  Then, all cans are put into the oven 
with the lids half-open to allow evaporation.  All filter papers are kept at 105 ± 
5oC temperature inside the oven for at least 10 hours. 

5. Before taking measurements on the dried filter papers, the cans are closed with 
their lids and allowed to equilibrate for about 5 minutes.  Then, a can is removed 
from the oven and put on an aluminum block (i.e., heat sinker) for about 20 
seconds to cool down; the aluminum block functions as a heat sink and expedites 
the cooling of the can.  After that, the can with the dry filter paper inside is 
weighed very quickly.  The dry filter paper is taken from the can and the cooled 
can is weighed again in a few seconds. 

6. Step 5 is repeated for every can. 
 

After obtaining all of the filter paper water contents an appropriate calibration 
curve, such as the one in Fig. 4, is employed to get total suction values of the soil 
samples. 
 
Soil Matric Suction Measurements 
 
Soil matric suction measurements are similar to the total suction measurements 
except instead of inserting filter papers in a non-contact manner with the soil for total 
suction testing, a good intimate contact should be provided between the filter paper 
and the soil for matric suction measurements.  Both matric and total suction 
measurements can be performed on the same soil sample in a glass jar as shown in 
Fig. A1.  A testing procedure for matric suction measurements using filter papers can 
be outlined as follows:  
 
Experimental Procedure 
 
1. A filter paper is sandwiched between two larger size protective filter papers.  The 

filter papers used in suction measurements are 5.5 cm in diameter, so either a 
filter paper is cut to a smaller diameter and sandwiched between two 5.5 cm 
papers or bigger diameter (bigger than 5.5 cm) filter papers are used as 
protectives. 

2. Then, these sandwiched filter papers are inserted into the soil sample in a very 
good contact manner (i.e., as in Fig. A1).  An intimate contact between the filter 
paper and the soil is very important. 

3. After that, the soil sample with embedded filter papers is put into the glass jar 
container.  The glass container is sealed up very tightly with plastic tape. 

4. Steps 1, 2, and 3 are repeated for every soil sample. 
5. The prepared containers are put into ice-chests in a controlled temperature room 

for equilibrium. 
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Researchers suggest an equilibration period of 3 to 5 days for matric suction 
testing (ASTM D 5298, Houston et al. 1994, Lee 1991).  However, if both matric 
and total suction measurements are performed on the same sample in the glass jar, 
then the final equilibrating time will be at least 7 days of total suction equilibrating 
period.  The procedure for the filter paper water content measurements at the end of 
the equilibration is exactly same as the one outlined for the total suction water 
content measurements.  After obtaining all the filter paper water contents the 
appropriate calibration curve may be employed to get the matric suction values of the 
soil samples.   
 

 

Bring the samples
together for an
intimate contact in
matric suction
measurements

Soil sample

Soil sample

One filter paper
in between two
protective papers

Ring support

Two filter papers
for total suction
measurements

Figure. A1.  Total and Matric Suction Measurements. 
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SOIL SUCTION CONCEPT 

In general, porous materials have a fundamental ability to retain water. The 
existence of this fundamental property in soils is described in engineering terms as 
suction, negative stress in the pore water. In engineering practice, soil suction is 
composed of two components: matric and osmotic suction. The sum of matric and 
osmotic suction is called total suction. Matric suction comes from the capillarity, 
texture, and surface adsorptive forces of the soil. Osmotic suction arises from the 
dissolved salts contained in the soil water. This relationship can be formed in an 
equation as follows: 

(1) 

where ht = total suction (kPa), hm = matric suction (kPa), and h" = osmotic suction 
(kPa). 

Total suction can be calculated using Kelvin's equation, which is derived from 
the ideal gas law using the principles of thermodynamics and is given as: 

h = RT In(~J 
I V P 

o 

(2) 

where ht = total suction, R = universal gas constant, T = absolute temperature, V = 

molecular volume of water, P I Po = relative humidity, P = partial pressure of pore 
water vapor, and Po = saturation pressure of water vapor over a flat surface of pure 
water at the same temperature. 

If Eq. (2) is evaluated at a reference temperature of 2SoC, the following total 
suction and relative humidity relationship can be obtained: 

hI = 137182 x In (P/pJ (3) 

Figure 1 shows a plot ofEq. (3) at 2SoC temperature. From Fig. 1, it can be seen that 
there is nearly a linear relationship between total suction (ht) and relative humidity 
(PIPo) over a very small relative humidity range. It can be said, in general, that in a 
closed system under isothermal conditions the relative humidity may be associated 
with the water content of the system such as 100 percent relative humidity refers to a 
fully saturated condition. Therefore, the suction value of a soil sample can be 
inferred from the relative humidity and suction relationship if the relative humidity is 
evaluated in some way. In a closed system, if the water is pure enough, the partial 
pressure of the water vapor at equilibrium is equal to the saturated vapor pressure at 
temperature, T. However, the partial pressure of the water vapor over a partly 
saturated soil will be less than the saturation vapor pressure of pure water due to the 
soil matrix structure and the free ions and salts contained in the soil water (Fredlund 
and Rahardjo 1993). 
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In engineering practice, soil suction has usually been calculated in pF units 
(Schofield 1935) (i.e., suction in pF = log](ijsuction in em o/water!)). However, soil 
suction is also currently being represented in log kPa unit system (Fredlund and 
Rahardjo 1993) (i.e., suction in log kPa = logJ(ijsuction in kPa!)). The relationship 
between these two systems of units is approximately suction in log kPa = suction in 
pF-l. 
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FIG. 1. Total Suction versus Relative Humidity 

If total suction in kPa from Fig. 1 is converted to log kPa units, Fig. 2 is 
obtained. The difference between Fig. 1 and Fig. 2 is only the suction unit. The 
suction unit in Fig. 1 is kPa whereas it is log kPa in Fig. 2. From Fig. 2 it can clearly 
be seen that when relative humidity approaches 100 percent, the total suction 
becomes very sensitive. The sensitivity in the suction is due to the common 
logarithm used to convert suction from kPa to the log kPa unit. 

Matric suction can be calculated from pressure plate and pressure membrane 
devices as the difference between the applied air pressure and water pressure across a 
porous plate. Matric suction can be formed in a relationship as follows: 

-h =U -u maw (4) 

where hm = matric suction, Ua = applied air pressure, and Uw = free water pressure at 
atmospheric condition. 

The osmotic suction of electrolyte solutions, that are usually employed in the 
calibration of filter papers and psychrometers, can be calculated using the 
relationship between osmotic coefficients and osmotic suction. Osmotic coefficients 
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are readily available in the literature for many different salt solutions. Table 1 gives 
the osmotic coefficients for several salt solutions. Osmotic coefficients can also be 
obtained from the following relationship (Lang 1967): 

¢=-~ln(~J 
vmw Po 

(5) 

where ¢ = osmotic coefficient, v = number of ions from one molecule of salt (i.e., v = 
2 for NaCl, KCI, ~CI and v = 3 for Na2S04, CaCh, Na2S203, etc.), m = molality, 
w = molecular mass of water, and jJw= density of water. 
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FIG. 2. Total Suction and Relative Humidity Relationship 

The relative humidity term (PIPo) in Eq. (5) is also known as the activity of 
water (aw) in physical chemistry of electrolyte solutions. The combination ofEq. (2) 
and Eq. (5) gives a useful relationship that can be adopted to calculate osmotic 
suctions for different salt solutions: 

h1f = -vRTm¢ (6) 

Table 2 gives osmotic suctions for several salt solutions using osmotic coefficients 
from Table 1 and Eq. (6). 
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THE FILTER PAPER METHOD 

The filter paper method has long been used in soil science and engineering 
practice and it has recently been accepted as an adaptable test method for soil suction 
measurements because of its advantages over other suction measurement devices. 
Basically, the filter paper comes to equilibrium with the soil either through vapor 
(total suction measurement) or liquid (matric suction measurement) flow. At 

TABLE 1. Osmotic Coefficients of Several Salt Solutions 

Molality NaCla KCla 
(m) 

0.001 0.9880 0.9880 
0.002 0.9840 0.9840 
0.005 0.9760 0.9760 
0.010 0.9680 0.9670 
0.020 0.9590 0.9570 
0.050 0.9440 0.9400 
0.100 0.9330 0.9270 
0.200 0.9240 0.9130 
0.300 0.9210 0.9060 
0.400 0.9200 0.9020 
0.500 0.9210 0.9000 
0.600 0.9230 0.8990 
0.700 0.9260 0.8980 
0.800 0.9290 0.8980 
0.900 0.9320 0.8980 
1.000 0.9360 0.8980 
1.200 0.9440 0.9000 
1.400 0.9530 0.9020 
1.500 ... ... 
1.600 0.9620 0.9050 
1.800 0.9730 0.9080 
2.000 0.9840 0.9120 
2.500 1.0130 0.9230 

References: 
aHamer and Wu, 1972 
bGoldberg, 1981 
cGoldberg and Nuttall, 1978 

Osmotic Coefficients 
at 25°C 

NH4Cla Na2S04
b 

0.9880 0.9608 
0.9840 0.9466 
0.9760 0.9212 
0.9670 0.8965 
0.9570 0.8672 
0.9410 0.8229 
0.9270 0.7869 
0.9130 0.7494 
0.9060 0.7262 
0.9020 0.7088 
0.9000 0.6945 
0.8980 0.6824 
0.8970 0.6720 
0.8970 0.6629 
0.8970 0.6550 
0.8970 0.6481 
0.8980 ... 
0.9000 ... 

... 0.6273 
0.9020 ... 
0.9050 ... 
0.9080 0.6257 
0.9170 0.6401 

CaCI2
c Na2S203

b 

0.9623 0.9613 
0.9493 0.9475 
0.9274 0.9231 
0.9076 0.8999 
0.8866 0.8729 
0.8619 0.8333 
0.8516 0.8025 
0.8568 0.7719 
0.8721 0.7540 
0.8915 0.7415 
0.9134 0.7320 
0.9370 0.7247 
0.9621 0.7192 
0.9884 0.7151 
1.0159 0.7123 
1.0444 0.7107 

... . .. 

... ... 
1.2004 0.7166 

... . .. 

... . .. 
1.3754 0.7410 
1.5660 0.7793 

MgCbC 

0.9627 
0.9501 
0.9292 
0.9106 
0.8916 
0.8708 
0.8648 
0.8760 
0.8963 
0.9206 
0.9475 
0.9765 
1.0073 
1.0398 
1.0738 
1.1092 

. .. 

. .. 
1.3047 

... 

... 
1.5250 
1.7629 

equilibrium, the suction value of the filter paper and the soil will be equal. After 
equilibrium is established between the filter paper and the soil, the water content of 
the filter paper disc is measured. Then, by using a filter paper water content versus 
suction calibration curve, the corresponding suction value is found from the curve. 
This is the basic approach suggested by ASTM Standard Test Method for 

6 



Measurement of Soil Potential (Suction) Using Filter Paper (D 5298). In other 
words, ASTM D 5298 employs a single calibration curve that has been used to infer 
both total and matric suction measurements. The ASTM D 5298 calibration curve is 
a combination of both wetting and drying curves. However, this paper demonstrates 
that the "wetting" and "drying" suction calibration curves do not match, an 
observation that was also made by Houston et al. (1994). 

TABLE 2. Osmotic Suctions of Several Salt Solutions 

Molality NaCI KCI (m) 
0.001 5 5 
0.002 10 10 
0.005 24 24 
0.010 48 48 
0.020 95 95 
0.050 234 233 
0.100 463 460 
0.200 916 905 
0.300 1370 1348 
0.400 1824 1789 
0.500 2283 2231 
0.600 2746 2674 
0.700 3214 3116 
0.800 3685 3562 
0.900 4159 4007 
1.000 4641 4452 
1.200 5616 5354 
1.400 6615 6261 
1.500 ... ... 
1.600 7631 7179 
1.800 8683 8104 
2.000 9757 9043 
2.500 12556 11440 

Osmotic Suctions in kPa 
at 25°C 

NH4CI Na2S04 

5 7 
10 14 
24 34 
48 67 
95 129 
233 306 
460 585 
905 1115 
1348 1620 
1789 2108 
2231 2582 
2671 3045 
3113 3498 
3558 3944 
4002 4384 
4447 4820 
5343 ... 
6247 ... 

. .. 6998 
7155 ... 
8076 ... 
9003 9306 
11366 11901 

Calibration for the Suction Wetting Curve 

CaCb 

7 
14 
34 
67 
132 
320 
633 
1274 
1946 
2652 
3396 
4181 
5008 
5880 
6799 
7767 

. .. 

. .. 
13391 

... 

... 
20457 
29115 

Na2S20 3 MgCb 

7 7 
14 14 
34 35 
67 68 
130 133 
310 324 
597 643 
1148 1303 
1682 2000 
2206 2739 
2722 3523 
3234 4357 
3744 5244 
4254 6186 
4767 7187 
5285 8249 

. .. ... 

. .. ... 
7994 14554 

. .. ... 

. .. ... 
11021 22682 
14489 32776 

The calibration for the suction wetting curve for filter paper using salt solutions 
is based upon the thermodynamic relationship between total suction (or osmotic 
suction) and the relative humidity resulting from a specific concentration of a salt in 
distilled water. The thermodynamic relationship between total suction and relative 
humidity is given in Eq. (2). In this study, NaCI was selected as an osmotic suction 
source for the filter paper calibration. Salt concentrations from 0 (distilled water) to 
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SOIL TOTAL AND MATRIC SUCTION MEASUREMENTS 

Soil total suction measurements are similar to those measurements in the filter 
paper calibration testing. The same testing procedure can be followed by replacing 
the salt solution with a soil sample. Soil matric suction measurements are also 
similar to the total suction measurements except that an intimate contact should be 
provided between the filter paper and the soil. A suggested testing procedure for soil 
total and matric suction measurements using filter papers is outlined in Appendix II. 
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FIG. 9. Drying Suction Calibration Curve along with Wetting Suction 
Curve 

DISCUSSION 

The dramatic decrease of total suction at high filter paper water contents is 
related to the nature of Kelvin's equation and to the use of the logarithmic scale (i.e., 
log kPa or pF). These results conclude that the filter paper method can give reliable 
wetting suction results up to a point. In other words, with the Schleicher & Schuell 
No. 589-WH filter papers reliable wetting suction measurements can be taken at and 
above 1.5 log kPa (2.5 pF), but below about 1.5 log kPa wetting suction results 
cannot be relied upon because a small error in measuring water content can result in 
a large error in the inferred suction. Therefore, a best fit line up to 1.5 log kPa was 
made to plot Fig. 4, below which there is a sudden drop in the wetting suction. 
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In the drying filter paper calibration testing, filter papers are initially fully 
saturated and with the application of air pressure the water inside the filter paper is 
driven out, which is a drying process. However, the soil matric and total suction 
measurements follow a wetting process with the filter paper method. Because of 
hysteresis, the wetting suction calibration curve must always plot below the drying 
calibration curve. A final point; because both the matric and total suction 
measurements are wetting processes, they should, by these arguments, both be 
determined from the wetting calibration curve. 
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APPENDIX II. SOIL SUCTION MEASUREMENTS 

Soil Total Suction Measurements 

Glass jars that are between 250 to 500 ml volume size are readily available in 
the market and can be easily adopted for suction measurements. Glass jars, 
especially, with 3.5 to 4 inch (8.89 to 10.16 cm) diameter can contain the 3 inch 
(7.62 cm) diameter Shelby tube samples very nicely. A testing procedure for total 
suction measurements using filter papers can be outlined as follows: 

Experimental Procedure 

1. At least 75 percent by volume of a glass jar is filled up with the soil; the smaller 
the empty space remaining in the glass jar, the smaller the time period that the 
filter paper and the soil system requires to come to equilibrium. 

2. A ring type support, which has a diameter smaller than filter paper diameter and 
about 1 to 2 cm in height, is put on top of the soil to provide a non-contact 
system between the filter paper and the soil. Care must be taken when selecting 
the support material; materials that can corrode should be avoided, plastic or 
glass type materials are much better for this job. 

3. Two filter papers one on top of the other are inserted on the ring using tweezers. 
The filter papers should not touch the soil, the inside wall of the jar, and 
underneath the lid in any way. 

4. Then, the glass jar lid is sealed very tightly with plastic tape. 
5. Steps 1,2, 3, and 4 are repeated for every soil sample. 
6. After that, the glass jars are put into the ice-chests in a controlled temperature 

room for equilibrium. 

Researchers suggest a mmimum equilibrating period of one week (ASTM 
D5298, Houston et at. 1994, Lee 1991). After the equilibration time, the procedure 
for the filter paper water content measurements can be as follows: 

1. Before removing the glass jar containers from the temperature room, all 
aluminum cans that are used for moisture content measurements are weighed to 
the nearest 0.0001 g. accuracy and recorded. 

2. After that, all measurements are carried out by two persons. For example, while 
one person is opening the sealed glass jar, the other is putting the filter paper into 
the aluminum can very quickly (i.e., in a few seconds) using tweezers. 

3. Then, the weights of each can with wet filter paper inside are taken very quickly. 
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Osmotic suction is computed from Vanlt Hofrs equation (and its higher order variants): 

Number of ions from one Molal concentration (moleslI OOOg of solvent) 
molecule of solute ~ / 

~ ____ Osmotic coefficient 

7t =vRT C $-----

/, ~ 
gm - em = 8.314 x 10 ergs (273 + °C) K 

gm 981 x 1 000 ~ K - mol 
kg 

Molal concentration is the number of moles of a substance that is dissolved in 1000gm of 
a solution: 

C = 

/ 
number of moles 

1000 g solvent 

{Mass of substance dissolved in 1000g of a solvent 

( ... ) lO~;gm 
( ... ) gm 

mole 

C Molecular weight of the substance 

Examples: Osmotic suction at 25°C 

7t gmcm 

gm 

= v8.314x107 (273+25) x C$ = 2.52556 x 10 4 vC~ 
981xlOOO 



Example Continued 

11; Osmotic Suction 
v=l,~=1 

Molal Concentration, gm-cm 
C gm pF 

0.0001 2.53 0040 

0.001 2.53 x 10 1.40 

0.01 2.53 x 10L 2.40 

0.1 2.53 x 10j 3.40 

1.0 2.53 x 10" 4.40 

10 2.53 x 10J 5.40 

100 2.53 x 10° 6.40 

Molecular Weights of Common Solutes 

Molecular Wt Molecular Wt 
Solute gms/mole Solute gms/mole 
Ethanol 46.07 Acetone 58.08 

Methyl Ethyl Ketone 72.10 Benzene 78.11 

2-Propanol 60.09 Toluene 92.13 

Methanol 32.04 Trichloroethylene 131.40 

O-nitroaniline 138.12 Tetrachloroethylene 165.85 

Polychlorobiphenyls 188.65 

Sodium Chloride 58.46 



Solute Concentrations 

C 
Moles Sodium Ethanol Methyl Ethyl 

Solution kg Solvent Chloride Ketone 
PF Molal (mgN*) (mg/Q) (mgN*) 

(25°C) Concentration v=2 v=1 v=1 
v=l v=2 

0.40 10-4 0.5 x 10-4 2.92 4.61 7.21 

1.40 10--' 0.5 x 10-j 29.23 46.07 72.10 

2.40 1O-L. 0.5 x 1O-L. 292.3 460.7 721.0 

3.40 0.1 0.05 2923 4,607 7210 

4.40 1 0.5 29,230 46,070 72,100 

5.40 10 5 292,300 460,700 721,000 

6.40 100 50 2,923,000 4,607,000 7,210,000 

* The concentration is moleslkg, C, is related to the concentration in mg/liter as 
follows: 

C moles = 

kg 

. mg 1 liter 
(concentratlOn) -.- x 

hter 1000g 
x 

1000 mg x (Molecular Wt) gm 
gm mole 

1000g 

kg 

A larger concentrations and with heavier molecules this form of Van't Hoffs 
equation becomes more approximate. However, for molal concentrations less than about 
0.1 moleslkg Van't Hoffs equation is accurate. 

Exercises 

1. Generate a table of pF and osmotic suction values for temperatures ranging from 
O°C to 40°C for every 10°C. 

2. Find the molecular weights of inorganic salts that occur frequently in soils and 
determine their concentrations in mg/Q that will produce suction levels of2, 3, 4, 
4.5 (wilting pt), 5, 5.3, 6, and 7. Some of these salts are: sodium chloride, 
calcium carbonate, calcium sulfate, potassium chloride. 



Table 1. VALUES OF LEACHATE SUCTION (Assuming v = ~ = 1) 

Minimum 
Concentration PFof 
of Leachate Leachate 

Landfill Site Type Landfill mg/l Principal Component v=1 
Lyon Municipal 213.0 Ethanol 2.06 

Meeker Municipal 14.4 Methyl Ethyl Ketone 0.70 

Rochester Municipal 98.3 2-Propanol 1.54 

LaBounty Mixed 281.2 O-Nitroaniline 1.71 

Love Canal Industrial 142.8 Methanol 1.89 

Kin-Buc Industrial 1837.3 Polychloro-biphenyls 2.39 

Nonelectrolyte 





~ Designation: D 4318 - 84 

Standard Test Method for 
Liquid Limit, Plastic Limit, and Plasticity Index of Soils 1 

This standard is issued under the fixed designation D 4318; the number immediately following the designation indicates the year of 
original adoption or, in the case of revision, the year of last revision; A number "in parentheses indicates the year of last reapproval. A 
superscript epsilon (,) indicates an editorial change since the last revision or reapproval. 

This standard has been approved for use by agencies of the Department of Defense. Consult the DoD Index of Specijications and 
Standards for the fpecijic year of issue which has been adopted by the Department of Defense. 

Scope 

1.1 This test method covers the determination of the 
,uid limit, plastic limit, and the plasticity index of soils as 
:fined in Section 3. 
1.1.1 Two procedures for preparing test specimens and 

'0 procedUres for performing the liquid limit are provided 
follows: 
A Multipoint test using a wet preparation procedure, 

described in Sections 10.1, 11, and 12. 
B Multipoint test using a dry preparation procedure, 

described in Sections 10.2, 11, and 12. 
C One-point test using a wet preparation procedure, 

described in Sections 13, 14, and 15. 
D One-point test using a dry preparation procedure, 

described in Sections 13, 14, and 15. 
ie procedure to be used shall be specified by the requesting 
lthOrity. If no procedure is specified, Procedure A shall be 
.ed. 

NOTE I-Prior to the adoption of this test method, a curved grooving 
)1 was specified as part of the apparatus for performing the liquid limit 
;t The curved tool is not considered to be as accurate as the flat tool 
scribed in 6.2 since it does not control the depth of the soil in the 
,uid limit cup. However, there are some data which indicate that 
Jically the liquid limit is slightly increased when the flat tool is used 
rtead of the curved tool. 

1.1.2 The plastic limit test procedure is described in 
:ctions 16, 17, and 18. The plastic limit test is performed on 
aterial prepared for the liquid limit test. In effect, there are 
'0 procedures for preparing test specimens for the plastic 
nit test. 
1.1.3 The procedure for calculating the plasticity index is 
ven in Section 19. 
1.2 The liquid limit and plastic limit of soils (along with 
e shrinkage limit) are often collectively referred to as the 
tterberg limits in recognition of their formation by Swedish 
il scientist, A. Atterberg. These limits distinguish the 
lundaries of the several consistency states of plastic soils. 
1.3 As used in this test method, soil is any natural 
gregation of mineral or organic materials, mixtures of such 

1 This test method is under the jurisdiction of ASTM Committee 0-18 on Soil 
j Rock and is the direct responsibility of Subcommittee Dl8.03 on Texture, 
ISticity, and Density Characteristics of Soils. 
Current edition approved Oct 26, 1984. Published December 1984. Originally 
!>lished as D 4318 - 83. Last previous edition D 4318 - 83'1. 

materials, or artificial mixtures of aggregates and 
mineral and organic particles. 

1.4 The multipoint liquid limit procedure is SOIlOe\1/hllf 
more time consuming than the one-point procedure 
both are performed by experienced operators. However 
one-point procedure requires the operator to judge whe~ 
test specimen is approximately at its liquid limit. In 
where this is not done reliably, the multipoint procedure is 
fast as the one-point procedure and provides 
precision due to the information obtained from a<1dllticlnal 
trials. It is particularly recommended that the _ .. 1.' __ '_. 
procedure be used by inexperienced operators. 

1.5 The correlations on which the calculations of 
one-point procedure are based may not be valid for 
soils, such as organic soils or soils from a marine en 
ment. The liquid limit of these soils should therefore 
determined by the multipoint procedure (Procedure A). 

1.6 The liquid and plastic limits of many soils that have 
been allowed to dry before testing may be considerably 
different from values obtained on undried samples. If the 
liquid and plastic limits of soils are used to correlate or 
estimate the engineering behavior of soils in their natural 
moist state, samples should not be permitted to dry before" 
testing unless data on dried samples are specifically desired. 

1.7 The composition and concentration of soluble salts in 
a soil affect the values of the liquid and plastic limits as well 
as the water content values of soils (see Method 02216). 
Special consideration should therefore be given to soils from " 
a marine environment or other sources where high soluble, 
salt concentrations may be present. The degree to which the 
salts present in these soils are diluted or concentrated must 
be given consideration if meaningful results are to be 
obtained. 
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1.8 Since the tests described herein are performed only on 
that portion of a soil which passes the 425-~m (No. 40) sieve, 
the relative contribution of this portion of the soil to the 
properties of the sample as a whole must be considered when 
using these tests to evaluate the properties of a soil. 

1.9 The values stated in acceptable metric units are to 
regarded as the standard. The values given in parentheses are" 
for information only. " 

1.10 This standard may involve hazardous materials,_ 
operations, and equipment. This standard does not purport to" 
address all of the safety problems associated with its use. It is " 
the responsibility of whoever uses this standard to consult and 
establish appropriate safety and health practices and deter- . 
mine the applicability of regulatory limitations prior to use. 
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O"tF"'rf!nct~ Documents 

1 ASTM Standards: 
. .. 702 Methods for Reducing Field Samples of Aggregate 

'. to Testing Size2 

D75 Practice for Sampling Aggregates4 

Practice for Investigating and Sampling Soil and 
for Engineering Purposes4 

653 Terminology Relating to Soil, Rock, and Contained 
. Fluids4 

1241 Specification for Materials for Soil~Aggregate 
: Subbase, Base, and Surface Courses4 

D2216 Method for Laboratory Determination of Water 
' ... (Moisture) Content of Soil, Rock, and Soil-Aggregate 

O',! Mixtures4 
~)?2240 Test Method for Rubber Property-Durometer 
(;~", Hardness5 

r.:D 2487 Test Method for Classification of Soils for Engi
~, I heering Purposes4 

'. D 2488 Practice for Description and Identification of Soils 
, ~', (Visual-Ma!1ual Procedu.re)4 . . 

.....• ~ D 3282 PractIce for ClasslficatlOn of Soils and Soil-Ag-
11, gregate Mixtures for Highway Construction Purposes4 

, :' p II Specification for Wire-Cloth Sieves for Testing 
/ :',Purposes6 

/. 'E 319 Methods of Testing Single-Arm Balances6 

::E 898 Method of Testing Top-Loading, Direct-Reading 
; Laboratory Scales and Balances6 

'. 3. Definitions 

3.1 Atterberg limits-originally, seven "limits of consist
ency" of fine-grained soils were defined by Albert Atterberg. 
In current engineering usage, the term usually refers only to 
the liquid limit, plastic limit, and in some references, the 
shrinkage limit. 

3.2 consistency-the relative ease with which a soil can be 
deformed. 

3.3 liquid limit (LL)-the water content, in percent, of a 
soil at the arbitrarily defined boundary between the liquid 
and plastic states. This water content is defined as the water 
content at which a pat of soil placed in a standard cup and 
cut ,by a groove of standard dimensions will flow together at 
the base of the groove for a distance of 13 mm (!f2 in.) when 
subjected to 25 shocks from the cup being dropped 10 mm in 
a 'standard liquid limit apparatus operated at a rate of 2 
$ocks per second. 
: NOTE 2-The undrained shear strength of soil at the liquid limit is 

considered to be 2 ± 0.2 kPa (0.28 psi), 

; ·3.4 plastic limit (PL)-the water content, in percent, of a 
Soil at the boundary between the plastic and brittle states. 

,~ The water content at this boundary is the water content at 
~ wruch it soil can no longer be deformed by rolling into 3.2 
r Il1!D (Vg in.)'in diameter threads without crumbling. 
.~' . ''3.5 plastic soil-a soil which has a range of water content 
i; over. which it exhibits plasticity and which will retain its 
~. s~ape on drying. 

!., .. , 2 Annual Book of ASTM Standards, Vol 04.02. 
'1: 3 Annual Book of ASTM Standards, Vots 04.02, 04.03, and 04.08. r 4 Annual Book of ASTM Standards, Vol 04.08; 

5 Annual Book of ASTM Standards, Vol 09.01. 
6 Annual Book of ASTM Standards, Vol 14.02. 

3.6 plasticity index (PI)-the range of water content ove] 
which a soil behaves plastically. Numerically, it is the 
difference between the liquid limit and the plastic limit. 

3.7 liquidity index-the ratio, expressed as a percentage, 
of (1) the natural water content of a soil minus its plastic 
limit, to (2) its plasticity index. 

3.8 activity number (A)-the ratio of (1) the plasticity 
index ofa soil to (2) the percent by weight of particles having 
an equivalent diameter smaller than 0.002 mm . 

4. Summary of Method 

4.1 The sample is processed to remove any material 
retained on a 425-Jlm (No. 40) sieve. The liquid limit is 
determined by performing trials in which a portion of the 
sample is spread in a brass cup, divided in two by a grooving 
tool, and then allowed to flow together from the shOCks 
caused by repeatedly dropping the cup in a standard me
chanical device. The multipoint liquid limit, Procedures A 
and B, requires three or more trials over a range of water 
contents to be performed and the data from the trials plotted 
or calculated to make a relationship from which the liquid 
limit is determined. The one-point liquid limit, Procedures C 
and D, uses the data from two trials' at one water content 
multiplied by a correction factor' 'to determine the liquid 
limit. 

4.2 The plastic limit is determined by alternately pressing 
together and rolling into a 3.2 mm (!fB in.) diameter thread a 
small portion of plastic soil until its water content is reduced 
to a point at which the thread crumbles and is no longer able 
to be pressed together and rerolled. The water content of the 
soil at this stage is reported as the plastic limit. 

4.3 The plasticity index is calculated as the difference 
between the liquid limit and the plastic limit. 
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5. Significance and Use 

5.1 This test method is used as an integral part of several 
engineering classification systems to characterize the fine
grained fractions of soils (see Test Method D 2487 and 
Practice D 3282) and to specify the fine-grained fraction of 
construction materials (see Specification D 1241). The liquid 
limit, plastic limit, and plasticity index of soils are also used 
extensively, either individually or together with other soil 
properties to correlate with engineering behavior such as 
compressibility, permeability, compactibility, shrink-swell, 
and shear strength. 

5.2 The liquid and plastic limits of a soil can be used with 
the natural water content. of the soil to express its relative 
consistency or liquidity index and can be used with the 
percentage finer than 2-Jlm size to determine its activity 
number. 

5.3 The one-point liquid limit procedure is frequently 
used for routine classification purposes. When greater preci~ 
sion is required, as when used for the acceptance of a 
material or for correlation with other test data, the 
multipoint procedure should be used. 

5.4 These methods are sometimes used to evaluate the 
weathering characteristics of clay-shale materials. When 
subjected to repeated wetting and drying cycles, the liquid 
limits of these materials. tend to' increase. The amount of 
increase is considered to be a measure of a shale's suscepti
bility to weathering. 



4t D 4318 

5.5 The liquid limit of a soil contatmng substantial 
amounts of organic matter decreases dramatically when the 
soil is oven-dried before testing. Comparison of the liquid 
limit of a sample before and after oven-drying can therefore 
be used as a qualitative measure of organic matter content of 
a soil. 

6. Apparatus 
6.1 Liquid Limit Device-A mechanical device consisting 

of a brass cup suspended from a carriage designed to control 
its drop onto a hard rubber base. A drawing showing the 
essential features of the device and the critical dimensions is 
given in Fig. 1. The design of the device may vary provided 
that the essential functions are preserved. The device may be 
operated either by a hand crank or by an electric motor. 

6.1.1 Base-The base shall be hard rubber having a D 
Durometer hardness of 80 to 90, and a resilience such that 
an 8-mm (SII6-in.) diameter polished steel ball, when dropped 
from a height of 25 cm (9.84 in.) will have an average 
rebound of at least 80 % but no more than 90 %. The tests 
shall be conducted on the finished base with feet attached. 

6.1.2 Feet-The base shall be supported by rubber feet 
designed to proVide isolation of the base from the work 
surface and having an A Durometer hardness no greater than 
60 as measured on the finished feet attached to the base. 

6.1.3 Cup-The cup shall be brass and have a weight, 
including cup hanger, of 185 to 215 g. 

6.1.4 Cam-The cam shall raise the cup smoothly and 
continuously to its maximum height, over a distance of at 

DIMENSIONS 
LETTER A B C 

MM 54 2 27 
± 0.5 ± 0.1 ± 0.5 

LETTER N 
MM 24 

A ESSENTIAL 

B 
K 

1. 

p 

28 24 

DIMENSIONS 

Z SPHERICAL 
RADIUS 

R 

E 
56 

± 2.0 

45 

I I , : 
I, 
I I 
1-, , , 

r'-'-, 

T 

'0 

F G 

32 10 

U V 

47 3.8 
± 1.0 

I 

least 180
0 

of cam rotation. The preferred cam motion is 
uniformly accelerated lift curve. The design of the cam 
follower combination shall be such that there is no 
or downward velocity of the cup when the cam 
leaves the cam. 

NOTE 3-The cam and follower design in Fig. 1 is for 
accelerat~ (parabolic) motion after co~tact and assures that the cup 
no velOCIty at drop off. Other cam designs also provide this feature 
may be used. However, if the cam-follower lift pattern is not 
zero velocity at drop off can be assured by carefully filing or ma,cbiIUna!1 
the cam and follower so that the cup height remains constant over 
last 20 to 450 of cam rotation. -

6.1.5 Carriage-The cup carriage shall be constructed 
a way that allows convenient but secure adjustment of 
height of drop of the cup to 10 mm (0.394 in.). The 
hanger shall be attached to the carriage by means of a 
which allows removal of the cup and cup hanger for cle;anU12'1 
and inspection. 

6.1.6 Optional Motor Drive-As an alternative to 
hand crank shown in Fig. 1, the device may be equipped 
a motor to tum the cam. Such a motor must tum the 
2 ± 0.1 revolutions per second and must be isolated from 
rest of the device by rubber mounts or in some other 
that prevents vibration from the motor being transmitted 
the rest of the apparatus. It must be equipped with 
ON-OFF switch and a means of conveniently positioning 
cam for height of drop adjustments. The results vv''''"'uw. 
using a motor-driven device must not differ from 
obtained using a manually operated device. 

H J K L M 
16 60 50 150 125 

:t: 1.0 ± 2.0 ± 2.0 ± 2.0 
W Z 

13 6.5 

V DIAMETER 
CRS OR BRASS PIN 

f--------=----=-+~~ 

I I 
I I 

, 
, I I, 
I I 

: I 
: I 
I I 
, " 
, I 

,LL, 

I I 
I I 

, .. U,i W 

~-+-- L ------1.1 t----"t---- M .1 
HARD RUBBER BASE CONFORMING 

TO SPECIFicATION IN 6.1.1 
SOFT RUBBER CONFORMING TO 

SPECIFICATION IN 6.1.2 

FIG. 1 Hand-operated Uquld Umlt Device 
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DIMENSIONS 

LETTER Ac" B" C'" DC. Ec" Fc" 

MM 2 " 40 8 50 2 
± 0.1 ±0.2 ± 0.5 ± 0.1 ± 0.5 ±O.I 

LETTER G H J K" L'" N 
MM 10 13 60 10 60 DEG 20 

MINIMUM ±0.05 ± I DEG 

A ESSENTIAL DIMENSIONS 

o BACK AT LEAST 15 MM FROM TIP 

NOTE: DIMENSION A SHOULD BE 1.9-2.0 AND DIMENSION D 

SHOULD BE 8.0-8.1 WHEN NEW TO ALLOW FOR 

ADEQUATE SERVICE LIFE 

I 
t---e-, IlA.DIUS 

~-----+----~------------~-----

1-------- J 

L~ 
j 222272<\ 

F~ SECTION 

S \ 

FIG. 2 Grooving Tool (Optional Height-ot-Drop Gage Attached) 

6.2 Flat Grooving Tool-A grooving tool having dimen
sions shown in Fig. 2. The tool shall be made of plastic or 
noncorroding metal. The design of the tool may vary as long 
as the essential dimensions are maintained. The tool may, 
but need not, incorporate the gage for adjusting the height of 
drop of the liquid limit device. 

6.3 Gage-A metal gage block for adjusting the height of 
drop of the cup, having the dimensions shown in Fig. 3. The 
design of the tool may vary provided the gage will rest 
securely on the base without being susceptible to rocking, 
and the edge which· contacts the cup during adjustment is 
straight, at least 10 mm (3Js in.) wide, and without bevel or 
radius. 

.T 

6.4 Containers-Small corrosion-resistant containers with 
snug-fitting lids for water content specimens. Aluminum or 
stainless steel cans 2.5 cm (l in.) high by 5 cm (2 in.) in 
diameter are appropriate. 

6.5 Balance-A balance readable to at least 0.01 g and 
having an accuracy of 0.03 g within three standard devia
tions within the range of use. Within any 15-g range, a 
difference between readings shall be accurate within 0.01 g 
(Notes 4 and 5). 

NOTE 4-See Methods E 898 and E 319 for an explanation of terms 
relating to balance performance. 

rr5°i 
Ill, -

NOTE 5-For frequent use, a top-loading type balance with auto
matic load indication, readable to 0.01 g, and having an index of 
precision (standard deviation) of 0.003 or better is most suitable for this 
method. However, nonautomatic indicating equal-arm analytical bal
anCes and some small equal arm top pan balances havirig readabilities 
and sensitivities of 0.002 g or better provide the required accuracy when 
used with a weight set of ASTM Class 4 (National Bureau of Standards 
Class P) or better. Ordinary commercial and classroom type balances 

~~ . 
i)" l ..... -.;.....--D-;-M-~-N-S~/O...cN'-S-,-N.:.:...'-M....JILL IMETRES 

r 
L 

FIG. 3 Height ot Drop Gage 
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such as beam balances are not suitable for this method. ' 

6.6 Storage Container-A container in which to store the 
prepared soil specimen that, will not contaminate the spec
imen in any way, and which prevents moisture· loss. A 
porcelain, glass, or plastic dish about 11.4 em (41f2 in.) in 
diameter and a plastic bag large enough to enclose the' dish 
and be folded over is adequate. 
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POINT WHERE 
CUP CONTACTS BASE 

HEIGHT GAUGE 

MASKING TAPE APPLIED AS AID 
IN ADJUSTMENT OPERATION 

FIG. 4 Calibration for Height of Drop 

6.7 Ground Glass Plate-A ground glass plate at least 30 
cm (12 in.) square by 1 cm (3fs in.) thick for mixing soil and 
rolling plastic limit threads. 

6.8 Spatula-A spatula or pill knife having a blade about 
2 em (% in.) wide by about 10 em (4 in.) long. In addition, a 
spatula having a blade about 2.S cm (1 in.) wide and IS em 
(6 in.) long has been found useful for initial mixing of 
samples. 

6.9 Sieve-A 20.3 cm (8 in.) diameter, 42S-llm (No. 40) 
sieve conforming to the requirements of Specification E 11 
and having a rim at least S em (2 in.) above the mesh. A 
2-mm (No. 10) sieve meeting the same requirements may 
also be needed. 

6.10 Wash Bottle, or similar container for adding con
trolled amounts of water to soil and washing fines from 
coarse particles. . 

6.11 Drying Oven-A thermostatically controlled oven, 
preferably of the forced-draft type, capable of continuously 
maintaining a temperature of 110 ± SoC throughout the 
drying chamber. The oven shall be equipped with a ther
mometer of suitable range and accuracy for monitoring oven 
temperature. 

6.12 Washing Pan-A round, flat-bottomed pan at least 
7.6 em (3 in.) deep, slightly larger at the bottom than a 
20.3-cm (8-in.) diameter sieve. 

6.13 Rod (optional)-A metal or plastic rod or tube 3.2 
mm (l/S in.) in diameter and about 10 em (4 in.) long for 
judging the size of plastic limit threads. 

7. Materials 

7.1 A supply of distilled or demineralized water. 

8. Sampling 

8.1 Salllples1l1aybetaken from any location that satisfies 
testing needs. However, MethodSC 702, Practice D 7S, and 
Recommended PracticeD 420 should be used as guides for 
selecting. and pre~rving samples from various types of 
sampling operations. Samples which will be prepared using 
the wet preparation procedure, 10.1, must be kept at their 
natural water content prior to preparation. 

8.2 Where Sampling operations have preserved the natural 
stratification·.of a sample, the various strata must be kept 
separated and tests performed on ·the particular stratum of 
interest with as little contamination as possible from other 
strata. Where a mixture of materials will be used in construe-
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tion, combine the various components in such proportions 
that the resultant sample represents the actual 
case. 

8.3 Where data from this test method are to be used 
correlation with other laboratory or field test data, use 
same material as used for these tests where possible. 

8.4 Obtain a representative portion from the total 
sufficient to provide ISO to 200 g of material passing 
42S-llm (No. 40) sieve. Free flowing samples may be • "" ... "" ... , 
by the methods of quartering or splitting. Cohesive sallnpll~~ 
shall be mixed thoroughly in a pan with a spatula, or 
and a representative portion scooped from the total mass 
making one or more sweeps with a scoop through the mixed 
mass. 

9. Calibration of Apparatus 

9.1 Inspection of Wear: 
9.1.1 Liquid Limit Device-Determine that the liquid 

limit device is clean and in good working order. The 
following specific points should be checked: 

9.1.1.1 Wear of Base-The spot on the base where 
cup makes contact should be worn no greater than 10 mm 
(3fs in.) in diameter. If the wear spot is greater than this, the 
base can be machined to remove the worn spot provided the 
resurfacing does not make the base thinner than specified 
6.1 and the other dimensional relationships are . 

9.1.1.2 Wear of Cup-The cup must be replaced when 
grooving tool has worn a depression in the cup 0.1 
(0.004 in.) deep or when the edge of the cup has 
reduced to half its original thickness. Verify that the cup 
firmly attached to the cup ha,nger. . 

9.1.1.3 Wear of Cup Hanger-Verify that the cup 
pivot does not bind and is not worn to an extent that 
more than 3-mm (1fs-in.) side-to-side movement of the 
point on the rim. 

9.1.1.4 Wear of Cam-The cam shall not be worn to 
extent that the cup drops before the cup hanger 
follower) loses contact with the cam. 

9~ 1.2 Grooving Tools-Inspect grooving tools for wear 
a frequent and regular basis. The rapidity of wear depends , . 
the material from which the tool is made and the types 
soils being tested. Sandy soils cause rapid wear of 
tools; therefore, when testing these materials, ~QOls should 
inspected more frequently than for other sOils. 'Any tool 
a tip width greater than 2.1 mm must not be used. The 
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tip of the grooving tool must be 7.9 to 8.1 mm. 

6-The width of the tip of grooving tools is conveniently 
using a pocket-sized measuring magnifier equipped with a 

scale. Magnifiers of this type are available from most 
llIbO,ralOP! supply companies. The depth of the tip of grooving tools can 

using the depth measuring feature of vernier cali~rs. 

Adjustment of Height of Drop-Adjust the height of 
of the cup so that the point on the cup that comes in 

_ _with the base rises to a height of 10 ± 0.2 mm. See 
,rig. 4 for proper location of the gage relative to the cup 
'dwing adjustment. -, . . 

:j.NoTE 7-A convenient procedure for adjusting the height of drop is 
as follows: place a piece of masking tape across the outside bottom of the 
CUP parallel with the axis of the cup hanger pivot. The edge of the tape 
away from the cup hanger should bisect the spot on the cup that contacts 
the bllse. For new cups, placing a piece of carbon paper on the base and 
alloWing the cup to drop several times will mark the contact spot. Attach 
the cup to the device and turn the crank until the cup is raised to its 
uiaximum height. Slide the height gage under the cup from the front, 
and observe whether the gage contacts the cup or the tape. See Fig. 4. If 
the tape and cup are both contacted, the height of drop is approximately 
correct. If not, adjust the cup until simultaneous contact is made. Check 
adjustment by turning the crank at 2 revolutions per second while 
bolding the gage in position against the tape and cup. If a ringing or 
clicking sound is heard without the cup rising from the gage, the 
adjustment is coItect. If no ringing is heard or if the cup rises from the 
gage, readjust the height of drop. If the cup rocks on the gage during this 
checking operation, the cam follower pivot is excessively worn and the 
worn parts should be replaced. Always remove tape after completion of 
adjustment operation. 

MuLTIPOINf LIQUID LIMIT-PROCEDURES A AND B 

10. Preparation of Test Specimens 

10.1 Wet Preparation-Except where the dry method of 
specimen preparation is specified (10.2), prepare specimens 
for test as described in the following sections. 
- 10.1.1 Samples Passing the 425-Jim (No. 40) Sieve~ 

When by visual and manual procedures it is determined that 
the sample has little or no material retained on a 425-Jim 
(No. 40) sieve, prepare a specimen of 150 to 200 g by mixing 
thoroughly with distilled or demineralized water on the glass 
plate using the spatula. If desired, soak soil in a storage dish 
with small amount of water to soften the soil before the start 
of mixing. Adjust the water content of the soil to bring it to a 
consistency that would require 25 to 35 blows of the liquid 
limit device to close the groove (Note 8). If, during mixing, a 
small percentage of material is encountered that would be 
retained on a 425-Jim (No. 40) sieve, remove these ,particles 
by hand, if possible. If it is impractical to remove the coarser 
material by hand, remove small percentages (less than about 
15 %) of coarser material by working the specimen through a 
425-Jim (No. 40) sieve using a piece of rubber; sheeting, 
rubber stopper, or other convenient device provided the 
operation does not distort the sieve or degrade matexj.al that 
would be retained if the washing method describediD.;1.0.1.2 
were used. If larger percentages of coarse material are_ 
encountered during mixing, or it is considered impra¢calto 
remove the coarser material by the methods juSt described, 
wash the sample as described in 10.1.2. When the coarse 
particles found during mixing are concretions, shells, or 
other fragile particles, do not crush these particles to make 
them pass a 425-Jim (No. 40) sieve, but remove by hand or 
by washing. Place the mixed soil in the storage dish, cover to 

prevent loss of moisture, and allow to stand for at least 16 h 
(overnight). After the standing period and immediately 
before starting the test, thoroughly remix the soil. 

NOTE 8-The time taken to adequately mix a soil will vary greatly, 
depending on the plasticity and initial water content. Initial mixing 
times of more than 30 min may be needed for stiff, fat clays. 

10.1.2 Samples Containing Material Retained on a 425-
Jim (No. 40) Sieve: 

10.1.i.1 Select a sufficient quantity of soil at natural water 
content to provide 150 to 200 g of material passing the 
4-25-Jim (No. 40) sieve. Place in a pan or dish and add 
~ufficient water to cover the soil. Allow to soak until all 
lumps have softened and the fines no longer adhere to the 
surfaces of the coarse particles (Note 9). 

NOTE 9-In some cases, the cations of saltS present in tap water will 
exchange with the natural cations in the soil and significantly alter the 
test results should tap wate~ be used in the soaking and washing 
operations. Unless it is known thilt such cations are not 'present in the 
tap water, distilled or demineralized water should be used. As a general 
rule, water containing more than 100 mg/L of dissolved solids should 
not be used for washing operations. 

10.1.2.2 When the sample contains a large percentage of 
material-retained on the 425-Jim (No. 40) sieve, perform the 
following washing operation in increments, washing no more 
than 0.5 kg (lib) of material at one time. Place the 425-Jim 
(No. 40) sieve in the bottom of the clean pan. Pour the soil 
water mixture onto the sieve. If gravel or coarse sand 
particles are present, rinse as many of these as possible with 
small quantities of water from a wash bottle, and discard. 
Alternatively, pour the soil water mixture over a 2-mm (No. 
10) sieve nested atop the 425-Jim (No. 40) sieve, rinse the 
fine material through and remove the 2-mm (No. to) sieve. 
After washing and removing as much of the coarser material 
as possible, add sufficient water to the pan to bring the level 
to about 13 mm (If2 in.) above the surface of the 425-Jim (No. 
40) sieve. Agitate the slurry by stirring with the fingers while 
raising and lowering the sieve in the pan and swirling the 
suspension so that fine material is washed from the coarser 
particles. Disaggregate fine soil lumps that have not slaked by 
gently rubbing them over the sieve with the fingertips. 
Complete the washing operation by raising the sieve above 
the water surface and rinsing the material retained with a 
small amount of clean water. Discard material retained on 
the 425-Jim (No. 40) sieve. 

, 10.1.2.3 Reduce the water content of the material passing 
the 425-Jim (No. 40) sieve until it approaches the liquid 
limit. Reduction of water content may be accomplished by 
one or a combination of the following methods: (a) exposing 
the air currents at ordinary room temperature, (b) exposing 
to warm air -currents from a source such as an electric hair 
drYer, (c) filtering in a Buchner funnel or using filter candles, 
(d) decanting clear water from surface of suspension, or (e) 
draining in a colander or plaster of paris dish lined with high 
tet<!ntivity, high wet-strength filter paper.7 If a plaster of paris 
dish is used, take care that the dish never becomes suffi
-cientiy 'saturated that it fails to actively absorb water into its 
surface. Thoroughly dry dishes between uses. During evapo
ration and cooling, stir the sample often enough to prevent 

- 7 S and S·S9S filter paper available in 32-cm circles, has proven satisfactory. 
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Jverdrying of the fringes and soil pinnacles on the surface of 
the mixture. For soil samples containing soluble salts, use a 
method of water reduction such as a or b that will not 
eliminate the soluble salts from the test specimen. 

10.1.2.4 Thoroughly mix the material passing the 425-Jlm 
(No. 40) sieve on the glass plate using the spatula. Adjust the 
water content of the mixture, if necessary, by adding small 
increments of distilled or demineralized water or by allowing 
the mixture to dry at room temperature while mixing on the 
glass plate. The soil should be at a water content that will 
result in closure of the groove in 25 to 35 blows. Return the 
mixed soil to the mixing dish, cover to prevent loss of 
moisture, and allow to stand for at least 16 h. After the 
standing period, and immediately before starting the test, 
remix the soil thoroughly. 

10.2 Dry Preparation: 
10.2.1 Select sufficient soil to provide 150 to 200 g of 

material passing the 425-Jlm (No. 40) sieve after processing. 
Dry the sample at room temperature or in an oven at a 
temperature not exceeding 60°C until the soil clods will 
pulverize readily. Disaggregation is expedited if the sample is 
not allowed to completely dry. However, the soil should have 
a dry appearance when pulverized. Pulverize the sample in a 
mortar with a rubber tipped pestle or in some other way that 
does not cause breakdown of individual grains. When the 
coarse particles found during pulverization are concretions, 
shells, or other fragile particles, do not crush these particles 
to make them pass a 425-Jlm (No. 40) sieve, but remove by 
hand or other suitable means, such as washing. 

10.2.2 Separate the sample on a 425-Jlm (No. 40) sieve, 
shaking the sieve by hand to assure thorough separation of 
the finer fraction. Return the material retained on the 
425-Jlm (No. 40) sieve to the pUlverizing apparatus and 
repeat the pulverizing and sieving operations as many times 
as necessary to assure that all finer material has been 

disaggregated and material retained on the 425-Jlm (No. 
sieve consists only of individual sand or gravel grains. 

10.2.3 Place material remaining on the 425-Jlm (No. 
sieve after the final pUlverizing operations in a dish and 
in a small amount of water. Stir the soil water mixture 
pour over the 425-Jlm (No. 40) sieve, catching the water 
any suspended fines in the washing pan. Pour this Sus'pcnsinn 
into a dish containing the dry soil previously sieved 
the 425-Jlm (No. 40) sieve. Discard material retained on 
425-Jlm (No. 40) sieve. 

10.2.4 Adjust the water content as necessary by drying 
described in 10.1.2.3 or by mixing on the glass plate, using 
the spatula while adding increments of distilled or. 
demineralized water, until the soil is at a water content that 
will result in closure of the groove in 25 to 35 blows. .. 

10.2.5 Put soil in the storage dish, cover to prevent loss of . 
moisture and allow to stand for at least 16 h. After the'· 
standing period, and immediately before starting the test, . 
thoroughly remix the soil (Note 8). . '. 

11. Procedure 
11.1 Place a portion of the prepared soil in the cup of the' .• 

liquid limit device at the point where the cup rests on the' 
base, squeeze it down, and spread it into the cup to a depth: 
of about 10 mm at its deepes(point, tapering to form an: 
approximately horizontal surface. Take care to eliminate air 
bubbles from the soil pat but form the pat with as few strokes 
as possible. Heap the unused soil on the glass plate and cover :, 
with the inverted storage dish or a wet towel. 

11.2 Form a groove in the soil pat by drawing the tool, 
beveled edge forward, through the soil on a line joining the 
highest point to the lowest point on the rim of the cup. When 
cutting the groove, hold the grooving tool against the surface 
of the cup and draw in an arc, maintaining the tool 
perpendicular to the surface of the cup throughout its 

FIG. 5 Grooved Soli Pat In Uquld UmH Device 
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FIG. 6 Soil Pat After Groove Has Closed 

movement. See Fig. 5. In soils where a groove cannot be 
made in one stroke without tearing the soil, cut the groove 
with several strokes of the grooving tool. Alternatively, cut 
the groove to slightly less than required dimensions with a 
spatula and use the grooving tool to bring the groove to final 
dimensions. Exercise extreme care to prevent sliding the soil 
pat relative to the surface of the cup. 

11.3 Verify that no crumbs of soil are present on the base 
or the underside of the cup. Lift and drop the cup by turning 
the crank at a rate of 1.9 to 2.1 drops per second until the 
two halves of the soil pat come in contact at the bottom of 
the groove along it distance of 13 mm (Il2 in.). See Fig. 6. 

NOTE 10-Use the end of the grooving tool, Fig. 2, or a scale to verify 
that the groove has closed 13 mm (112 in.). 

11.4 Verify that an air bubble has not caused premature 
closing of the groove by observing that both sides of the 
groove have flowed together with approximately the same 
shape. If a bubble has caused premature closing of the 
groove, reform the soil in the cup, adding a small amount of 
soil to make up for that lost in the grooving operation and 
repeat 11.1 to 11.3. If the soil slides on the surface of the cup, 
repeat 11.1 through 11.3 at a higher water content. If, after 
several trials at successively higher water contents, the· soil 
pat continues to slide in the cup or if the number of blows 
required to clo~ the groove is always less than 25, record 
that the liquid limit could not be determined, and report the 
soil as nonplastic without performing the plastic limit test. 

11.5 Record the number of drops, N, required to close the 
groove. Remove a slice of soil approximately the width of the 
spatula, extending from edge to edge of the soil cake at right 
angles to the groove and including that portion of the groove 
in which the soil flowed together, place in a weighed 
container, and cover. 

11.6 Return the soil remaining in the cup to the glass 
plate. Wash and dry the cup and grooving tool and reattach 

the cup to the carriage in preparation for the next trial 
11.7 Remix the entire soil specimen on the glass 

adding distilled water to increase the water content oftb 
and decrease the number of blows required to clos, 
groove. Repeat 11.1 through 11.6 for at least two addit 
trials producing successively lower numbers of blows to 
the groove. One of the trials shall be for a closure reql 
25 to 35 blows, one for closure between 20 and 30 blows 
one trial for a closure requiring 15 to 25 blows. 
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11.8 Determine the water content, W N, of the soil 
imen from each trial in accordance with Method D: 
Make all weighings on the same balance. Initial weigj 
should be performed immediately after completion 0 

test. If the test is to be interrupted for more than abOl 
min, the specimens already obtained should be weigh. 
the time of the interruption. 

12. Calculations 
12.1 Plot the relationship between the water content, 

and the corresponding number of drops, N, of the cup 
semilogarithmic graph with the water content as ordinat. 
the arithmetical scale, and the number of drops as abs< 
on the logarithmic scale. Draw the best straight line thr' 
the three or more plotted points. 

12.2 Take the water content corresponding to the j 
section of the line with the 25-drop abscissa as the Ii 
limit of the soil. Computational methods may be SUbStil 
for the graphical method for fitting a straight line to the 
and determining the liquid limit. 

ONE-POINT LIQUID LIMIT-PROCEDURES C AND I 

13. Preparation of Test Specimens 
13.1 Prepare the specimen in the same manner a~ 

scribed in Section 10, except that at mixing, adjust the' 
content to a consistency requiring 20 to 30 drops 01 
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IlE 1 Factors for Obtaining Uquid Umit from Water Content 
and Number of Drops Causing Closure of Groove 

N K 
(Number of Drops) (Factor for Liquid Umit) 

20 0.974 
21 0.979 
22 0.985 
23 0.990 
24 0.995 
25 1.000 
26 1.005 
27 1.009 
28 1.014 
29 1.018 
30 1.022 

id limit cup to close the groove. 

Procedure 

lo1 Proceed as described in 11.1 through 11.5 except that 
number of blows required to close the groove shall be 20 
O. If less than 20 or more than 30 blows are required, 
;st the water content of the soil and repeat the procedure. 
lo2 Immediately after removing a water content spec
n as described in 11.5, reform the soil in the cup, adding 
nall amount of soil to make up for that lost in the 
lYing and water content sampling operations. Repeat 
. through 11.5, and, if the second closing of the groove 
Lires the same number of drops or no more than two 
)s difference, secure another water content specimen. 
~rwise, remix the entire specimen and repeat. 

JI'E II-Excessive drying or inadequate mixing will cause the 
ber of blows to vary. 

U Determine water contents of specimens as described 
1.8. 

Calculations 
5.1 Determine the liquid limit for each water content 
imen using one of the following equations: 

re: 

LL = WN (~rI21 or 

LL = K(W,j 

= the number of blows causing closure of the groove at 
water content, 

= water content, and 
= a factor given in Table 1. 

he liquid limit is the average of the two trial liquid limit 
.es. . 
).2 If the difference between the two trial liquid limit 
es is greater than pne percentage point, repeat the test. 

PLASTIC LIMIT 

Preparation of Test Specimen' 

i.1 Select a 20-g portion of soil from the material 
'ared for the liquid limit test, either after the second 
ing before the test, or from the soil remaining after 
pletion of the test. Reduce the water content of.the soil 
consistency at which it can be rolled without sticking to 
lands by spreading and mixing continuously onthe glass 
~. The drying process maybe accelerated by exposing the 

soil to the air current from an electric fan, or by blotting With 
paper that does not add any fiber to the soil, such as hard 
surface paper toweling or high wet-strength filter paper. 

17. Procedure 

17.1 From the 20-g mass, select a portion of 1.5 to 2.0 g. 
Form the test specimen into an ellipsoidal mass. Roll this 
mass between the palm or fingers and the ground-glass plate 
with just sufficient pressure to roll the mass into a thread of 
uniform diameter throughout its length (Note 12). The 
thread shall be further deformed on each stroke so that its 
diameter is continuously reduced and its length extended 
until the diameter reaches 3.2 ± 0.5 mm (0.125 ± .020 in.), 

.. taking no more than 2 min (Note 13). The amount of hand 
or finger pressure required will vary greatly, according to the 
soil. Fragile soils of low plasticity are best rolled under the 
outer edge of the palm or at the base of the thumb. 

NOTE 12-A normal rate ofrolling for most soils should be 80 to 90 
strokes per minute, counting a stroke as one complete motion of the 
hand forward and back to the starting position. This rate of rolling may 
have to be decreased for very fragile soils. 

NOTE 13-A 3.2-mm (!fs-in.) diameter rod or tube is useful for 
frequent comparison with the soil thread to ascertain when the thread 
has reached the proper diameter, especially for inexperienced operators. 

17.1.1 When the diameter of the thread becomes 3.2 mm, 
break the thread into several pieces. Squeeze the pieces 
together, knead between the thumb and first finger of each 
hand, reform into an ellipsoidal mass, and reroll. Continue 
this alternate rolling to a thread 3.2 mm in diameter, 
gathering together, kneading and rerolling, until the thread 
crumbles under the pressure required for rolling and the soil 
can no longer be rolled into a 3.2-mm diameter thread (See 
Fig. 7). It has no significance if the thread breaks into threads 
of shorter length. Roll each of these shorter threads to 3.2 
mm in diameter. The only requirement for continuing the 
test is that they are able to be reformed into an ellipsoidal 
mass and rolled out again. The operator shall at no time 
attempt to produce failure at exactly 3.2 mm diameter by 
allowing the thread to reach 3.2 mm, then reducing the rate 
of rolling or the hand pressure, or both, while continuing the 
rolling without further deformation until the thread falls 
apart. It is permissible, however, to reduce the total amount· 
of deformation for feebly plastic soils by making the initial 
diameter of the ellipsoidal mass nearer to the required 
3.2-mm final diameter. If crumbling occurs when the thread 
has a diameter greater than 3.2 mm, this shall be considered 
a satisfactory end point, provided the soil has been previ
ously rolled into a thread 3.2 mm'in diameter. Crumbling of 
the thread will manifest itself differently with the various 
types of soil. Some soils fall apart in numerous small 
aggregations of particles, others may form' an outside tubular' 
layer that:-starts splitting at· 'both ends. The splitting 
progresses toward, the middle, and finally, the thread falls 
apart in. many small platy particles. Fat clay soils, require 
much pressure to deform the thread, particularly'as they: 
approach the plastic limit. With these soils, the thread breaks 
into a series of barrel~shaped segments about 32 to 9.5 n1Ill 
(I/S to 3fs in.) in length. " . i 
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17.2 Gather the portions of the crumbled thread together; 
and place in a weighed container; Immediately cOver the 
container.' 
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FIG. 7 Lean Clay Soil at the Plastic Limit 

17.3 Select aIlOUlC,l 1.5 to 2.0 g portion of soil from the 
original 20-g specimen a!1d repeat the operations described 
in 17.1 and 17.2 until the container has at least 6 g of soil. 

17.4 Repeat 17. 1 through 17.3 to make another container 
holding at least 6 g of soil. Determine the water content, in 
percent, of the soil contained in the containers in accordance 
with Method D 2216. Make all weighings on the same 
balance. 

NOTE 14-The intent of performing two plastic limit trials is to 
verify the consistency of the test results. It is acceptable practice to 
perform only one plastic limit trial when the consistency in the test 
results can be confirmed by other means. 

18. Calculations 

18.1 Compute the average of the two water contents. If 
the difference between the two water contents is greater than 
two percentage points, repeat the test. The plastic limit is the 
average of the two water contents. 

PLASTICITY INDEX 

19. Calculations 

19.1 Calculate the plasticity index as follows: 

where: 
LL = the liquid limit, 
PL = the plastic limit. 

PI= LL-PL 

Both LL and PL are whole numbers. If either the liquid 
limit or plastic limit could not be determined, or if the plastic 
limit is equal to or greater than the liquid limit, report the 
soil as nonplastic, NP. 

20. Report 
20.1 Report the following information: 

20.1.1 Sample identifying information, 
20.1.2 Any special specimen selection process used, such 

as removal of sand lenses from undisturbed sample, 
20.1.3 Report sample as airdried if the sample was air

dried before or during preparation, 
20.1.4 Liquid limit, plastic limit, and plasticity index to 

the nearest whole number and omitting the percent designa
tion. If the liquid limit or plastic limit tests could not be 
performed, or if the plastic limit is equal to or greater than 
the liquid limit, report the soil as nonplastic, NP, 
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20.1.5 An estimate of the percentage of sample retained 
on the 425-~m (No. 40) sieve, and 

20.1.6 Procedure by which liquid limit was performed, if 
it differs from the multipoint method. 

21. Precision and Bias 

21.1 No interlaboratory testing program has as yet been 
conducted using this test method to determine multilab
oratory precision. 

21.2 The within laboratory precision of the results of tests 
performed by different operators at one laboratory on two 
soils using Procedure A for the liquid limit is shown in Table 
2. 

TABLE 2 Within Laboratory Precision for Liquid Limit 

5011 A: 
PL 
LL 

Soil B: 
PL 
LL 

Average Value. it 

21.9 
27.9 

20.1 
32.6 

Standard 
Deviation. s 

1.07 
1.07 

1.21 
0.98 
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~t Designation: D 5298 - 92 

Standard Test Method for 
Measurement of Soil Potential (Suction) Using Filter Paper1 

1. Scope 
l.l This test method covers the use of laboratory fJ..1ter 

papers as passive sensors to evaluate the soil matric (matrix) 
and total potential (suction), a measure of the free energy of 
the pore-water or tension stress exerted on the pore-water by 
the soil matrix (I. 2).:Z The term potential or -suaien-is 
descriptive of the ·eoergy status of soil water. 

1.2 This test method controls the variables for measure
ment of the water content of filter paper that is in direct 
contact with soil or in equilibrium with the partial pressure 

- of water vapor in the air of an airtight container ~closiDl.a 
soil specimen. The partial pressure of water vapor In the atr 
is assumed to be in equilibrium with the vapor pressure of 
pore-water in the soil specimen. . . 

1.3 This test method provides a procedure for cahoraung 
different types offllter paper for use in evaluating soil matric 
and total potential. 

1.4 The values stated in SI units are to be regarded as the 
standard. The inch-pound units given in parentheses are 
approximate and for information only. .. 

1.5 This SlandJZTd does not purport 10 addr~ss all of Ih~ 
safety problems. if any, associaud wilh its US~. It is Ih~ 
responsibiJily of the usu of this standard 10 fflablish appr~ 
prilll~ safety and h~alth prtu:lices and dettrmin~ Ih~ applica· 
bility ofrq;u.llllory limitlllions prior to us~. 

2. Referenced Documents 

2.1 ASTM Standards: 
C 114 Test Methods for Chemical Analysis of Hydraulic 

Cement) 
D 653 Terminology Relating to Soil, Rock., and Contained 

Auids" 
D J J25 Test Method for Electrical Conductivity and 

D4542 Test Method for Pore-Water Extraction and Deter. 
mination of the Solute Salt Content of Soils by 
RefractometezA 

D4753 Specification for Evaluating. Selecting. and Speci
fying Balanc:cs and ScaleS for Use in Soil and Rock 

~c:stiDg"_ - ____ . - . .. - .-
E 337 Test Method for MeasuriD& Humidity With a 

Psychrometer (the Measurement of Wet- and Dry-Bulb 
Temperatures)6 

E 832 Specification for Laboratory Filter Papers' 

3. Termiaology 

3.1 D~nilions: 
3.1.1 Refer to Terminology D 653 (or definitions of terms 

applicable to this test method. 
3.2 Descriptions ofTDmS S~fic to ThisSuzndlJrd' 
3~ 1 IZlmospher~ unit o( pressure equal to 76 em 

mercury or 101 kPa at O·c. . 
3.2.2 malric (mazrix) ntaion. hm (kPa}-the negative 

pressure (expresSed as a positive value), relative to ambient 
atmospheric pressure on the soil water, to which a solution 
identical in composition with the soil water must be sub
jected in order to be in equih"brium through a porous 
penneable wall with the soil water, pressure equivalcot to 
that measured by Test Methods D 2325 and D 3152. Matric 
suction is also the decrease in relative humidity due to the: 
difference in air and water pressure across the water surface~ 
the relative: humidity or water vapor pressure decreases as the: 
radius of curr.Uure of the water surface decreases. The term 
"matric~ is grammatically correct, while matrix is commonly 
used in the civil engineering literature. 

/. -. - - Resistivity of Water - .- - -

3.2.3 molality, moles/IOOO g-number of moles of solute: 
per 1000 g of solvenL .. 

3.2.4 mo/~. n-molecular weight of a substance in grams. 
3.2.5 osmotic (SOIUl~) suaion, hs (kPa)-the negative 

pressure·.to which a pool of pure water must be subjected in 
order to be in equilibrium through a semipermeable mem
brane with a pool containing a solution identical in comp<>
sition with the soil water, dc:aeasc: in relative humidity due 
to the presence of dissolved sallS in pore-water. 

D 22 J 6 Test Method for Laboratory Determination of 
Water (Moisture) Content of Soil and Rock" . 

D 2325 Test Method for Capillary·Moisture Relationships 
for Coarse and Medium-Textured Soils by Porous·Plate 
Apparatus" 

D 3152 Test Method for Capillary-Moisture Relationships 
for Fine-Textured Soils by Pressure·Membrane 
Apparatus" 

, 1lIis ICSI lIIdhod is under lb. jurisdiction of ASTM Comm", .. ()'I a on Soil 
and Rod: and is !he direct ~rWbilily ofSubcommil1C<: 018 0. on Hydrol~c 
Propcnic:l ofSoiJ and RocIts. 

CUrTml edition appro"Cd Sept. I~. 1992. Published No .. mbcr 1992. 
'1lIc boldface numbcn p""n in pan:ntbc:l<:s ",fer 10 a liS! of ",f"",ncn ., the 

CDd of &be: leu 
) A""IIIJ/ Boak of "STAI SlaN/IUdJ. Vol 0..01 . 
• A""IIIJ/ BooIr. 01 ASTAI SlandardJ. Vol 04.08 
, A""IIIJ/ BooIr. of ASTAI SlGllda,dJ. Vol 11.01. 

30 

3.2.6 pF-a unit of negative pressure expressed as the 
logarithm to the base 10 of the height iii centimeters that a 
column of water will rise by capillary action or negative: gage 
pressure (Mg/m2) dividCd by the unit weight of wate:r 
(Mg/m) times 1000. pF:: 3 + logarithm to the base IO of 
the negative pressure in atmospheres. Refer to capillary bead 
or capillary rise in Terminology D 653. 

3.2.7 soil relative humidity, Rio-the ratio of the vapor 

• A""uaI Book of ASTAI S,aMa,th. Vol I ~.09. 
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pn:ssure of pore water in the soil to the vapor pressure of free 
pure water. Relative humidity in the soil is defined as relative 
humidity measured by Test Method E 337. 

3.2.8 10lal pole1llial (kPa)-the sum of gravitational., pres
sure, osmotic, and extemal gas potentials. Potential may be 
identified with suction when gravitational and extcroal gas 
potentials arc neglected. 

3.2.9 lotal soil suaion. h (kPa)-the negative pressure, 
relative to the external gas pressure on· the soil water, to 
which a pool of pure water must be subjected to be in 
equilibrium with the soil water through a semipermeable 
membrane that is penneable to water molecules only. Total 
soil suction (expressed as a positive value) is the sum of 
osmotic (solute) and matric (matrix) suctions. 

3.2.10 vapor pressure offree pure wDler (kPa)-the satu
ration vapor pressure of free pure water at a given dry-bulb 
temperature. 

3.2.11 va""r premzrt of por~ -water in sotl" (kPd)=-~ 
partial pressure ·of water vapor that is in equilibrium with 
pore-water in soil at a gWen dry-bulb temperature. 

... SIUIlIIIU)' of Test Method 

4.1 ruter papers are placed in an airtight container with a 
specimen for seven days to allow sufficient time for the vapor 
pressure of pore-water in the specimen. vapor pressure of 
pore water in the filter paper, and partial vapor pressure of 
water in the air inside the container to reach equilibrium. 
The mass of the filter papers is subsequently determined and 
the suction of the specimen 'is determined from a cah"bration 
idatioDSbip of the filter paper water content with suction 
applicable to the type of falter paper and the test procedure of 
this test method. 

5. Significuc:e and Use 
S.I Soil suction is a measure of the free energy of the 

pore-water in a soil Soil suction in practical terms is a 
measure of the affinity of soil to retain water and can provide 
information on soil parameters that are influenced by the 
soil water, for example, volume change, deformation, and 
strength characteristics of the soil. 

S.2 Soil suction is related with soil water content through 
water retention characteristic curves (soc Test Method 
o 232S). Soil water content may be found from Test Method 
02216. 

_.~ea.<aJ.Il".IXI,..'lts of soil suction may be used with othc.r 
soil and environmental parameters to evaluate hydrologic 
proccssc:s (I) and to evaluate the potential for heave or 
shrinkage, shear strength, modulus, In situ stress, and by
draulic conductivity of unsaturated soils. 

S.4 The filter paper method of evaluating suction is 
simple and economical with a range from 10 to 100 000 kPa 
(0.1 to 1000 bazs). 

6. Apparatus 

6.1 'Filler Paper-The paper used must be ash-free quan· 
titative Type II filter paper, in accordance with SpeCification 
E 832; for example, Whatman No. 42, Fisherbrand 9-790A, 

or Schleicher and ScbueU No. S89 White R.ibbon. A suitable 
diameter is S.S em (2.2 in.). 

6.2 Sp«imm Conlainer, II S to 230 g (4 to 8 oz) capacity 
metal or glass (rust free) container and lid (for example, 
coated with zinc chromate to retard rusting) to contain the 
specimen aDd fdter papers. The inside of these containers 
may also be coated with wax to retard rusting. 

6.3 Fil,er Paper Conta;ner-This container holds fdter 
paper following the equilibration of suction and removal 
from the specimen container. 

6.3.1 Metal Container Allernate, two nominal 60 ,(2 oz) 
capacity metal moisture containers (aluminum or stainless) 
with lids to dry the falter paper. The containers should be . 
numbered by imprinting with a metal stamp. The containers . 
should not be written on with any type of marker or labeUed 
in any manner. Tbrow-away vinyl surgical non-powdered or 
similar gloves should be used anytime the small containers 
C1esignated for fdter paper measurements arc: bandled' to 
prevent body oils from influencing any mass measurements 
made prior to handl.ing. . ' 

6.3.2 Plastic Bag .;(/Jernato!-Plastic bag large enough to 
aa:ommadate the falter paper disks (approXimately SO mm 
in dimension) capable of an airtight seal. 

6.4 Insulaud Chest-A box of approximately 0.03 m) (I 
fil) capacity insulated with foamed polystyrene or other 
material capable of maintaining temperature within ± 1°C 
wben external temperatures vary ±3"C. 

6.5 Balllrla-A balance or scale having a minimum 
capacity of 20 , and meeting the requilcments of ".2.1.1 of 
Specification C 114. for a balance of 0.0001 g readability. In 
addition, balances for performance of Test Method D 22~6, 
meeting requirements of Specification D 4753. . . 

6.6 Drying Oven. thermostatic:aUy-c:ontroUed, preferably 
of the fOrocd-draft type, and capable of maintaining a 
uniform temperature of 110 ± sx: throughout the drying 
chamber aDd meeting requirements of Test Method D 2216. 

6.7 M~tal Blodc-A metal bloc:lc> SOO, mass with a flat 
surface to hasten cooling of the metal tare cans. 

6.8 Thermometer-An instrument to determine the tem· 
perature of the tested soil to an accuracy of ±I°C. 

6.9 M;sc~/lanrous Equipment, tweezers, trimming knife, 
flexible plastic electrical tape, O-rings, scn:cn wire, brass 
discs. etc. T~ should be at least 110 mm (4.S in.) in 
length. 

7. Ealibnlrio,," - -_._. 
7.1 Obtain a calibration curve applicable to a specific 

filter paper by following the procedure in Section 8, except 
for replacing the soil specimen with salt solutions such as 
reagent grade potassium chloride or sodium chloride of 
known molality in distilled water ... 

7.1.1 Suspend the falter paper above at least SO a: of a salt 
solution in the specimen container, soc 6.2, by placin, it on 
an improvised platform made of inert material such as 
plaStic tubing or stainless sted scn:cn. 

7.1.2 Calculate the suction of the filter paper from the 
relative humidity of the air above the solution by the 
following: 
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where: 
It = suction, kPa. 

RT 
h--;-'InRIt (I) 

R = ideal gas constant. 8.31432 Joules/mole·K, 
T = absolute temperature, degrees kelvin (K), 
v = volume of a mole of liquid water,.0.018 Icilomoles/m l

, 

and 
Ri. = relative humidity, fraction. 

7.1.3 Use standard aiticaJ tables to evaluate the relative 
humidity of water in equilibrium with the salt solution as 
illustrated in Table I. Refer to Test Method E 337 for further 
information on relative humidity. 

7.2 Typical calibration auves for filter papers (for ex
ample, Wbatman No. 42, Schleicher and Schuell No. 589), 
$1% Fsg. J".co~ of two parts. The upper .$C&Cl~ct 
'represents moisture retained as films adsorbed t~ particle 
surf.aoc:s, while the lo~ segmen~ rcpn:scnts J;IlOlSture ~
tained by capilWy or SUIiace tcnsloa fon:es ~ partI
des. The filler paper water coateDt break pomt IS WI = 
45.3 % for Wbatman No. 42 (3, 4). and WI - S4 % for 
Scbleicher and Schuell No. 589 (2. 4) .. , '. .. 

7.3 The eaJjbration.curves in Fsg. I are applicable to total 
suction (2, 5). Variability in results is less thaD 2 % of the 
suction 'above 100 kPa. Soil distwbanoe has minimal influ
ence on suction above 20 kPa. At moisture contents with 
suctions less than 20 kPa. sample disturbance inaeases 
vaiiability of measurement (2, 4). The right vertical axis of 
Fig. J provides the suction in units pF and atmospheres 
pressure; for example, It .... 2 log atmosphe:res is a suction of 
100 atmospheres, while pF ... 5. or 100 000 em water. 

Non ·I-Filler paper may be calibrated by usiac the ~ 
mcmbtmc, Test Mctbod D 3152 for the razIIC 100 10 lSOO kPa (110 15 
aun), and the cxramic plate, Test Method D 2325 for the RfI&e 10 10 
100 kPa (0.1 to I atm). 

8. Procedure 

8.1 Filter Paper Preparation-Dry filter papers selected 
for testing at least 16 h or overnight in the drying oven. Place 
filter papers in a desiccant jar over desiccant after drying for 
storage until use. 

8.2 MeasuremellJ of Suaion-Total suction wiD be mea-
_ su~ iClilta pau.": ~ -not- itl-.cQ~-\'.itk-tb~·soil 

specimen. Moisture transfer will be limited to vapor transfer 
through the air inside the specimen container. Matrie suction 
will bc-measured if the fllter paper is in physical contact with 
the soil. Physical contact between the soil and filter paper 
allows fluid transfer including transfer of salts that may be 
dissolved in the pore water. 

TABU: 1 Salt Solution Concentrations fOf' Evaluating Soil Suction 

2O"C 

kPa log kPa pf aim RIO 
gNaa gKO 

1000'"-- 1000mL 
water --98 1.99 3.0 -0.97 0.99927 1.3 1.7 

-310 2.49 3.5 -3,02 O.99noC 3.8 5.3 
-980 2.99 4.0 -9.68 0.99278 13.1 17.0 

-3099 3.49 4.5 -30.19 0.97764 39.0 52,7 
-9800 3.99 5.0 -96.n 0.93008 122.5 165.0 

a 
C. ... 
g 

00 

-' . 
.r:." 

z • o gl 
CII 

o 
•• 'Ml-"~ 

o ~ • a _ M ~ » c J 
fILTER PN'(R WATER (X)HT'EHT w,. PERc:orr 

AG. 1 Calibration Suction-Water Content Curves for WetIin< 
Filter Paper (3) (Coefftdent of Determination r> 0.99) . 

••... NOTE 2-Whea lhe soil is aU( ~t1y moist. adcqlWC ph) 
coaw:l bctwcea the filter paper aDd soil may DO( always be PCIS:I 
lbis aJ1 cause aD iDaa:ur.lle measarc of matric suctiOD. Marric: SUt 

my be iafcmd by subtnaia& the osmocic suctioa rrom·Ibc·, 
suaioD. The osmocic: IUdioa may be cSdcraWIcd by mcasuria& 
dcctric::aI coaduaivily (soc Test MClbod D 1125) of pcmo--cer Qh 

from the soil usiD& a pen fluid squcczc:r (6) DC usia& T~ ldcli 
04542; • calibruioa ~ (7) may be used 10 relale Ibc dcictr 
coaduaivity 10 the OSDIOtic suc:tiOD. .' 

8.3 Filler Paper PJacemeni-Place an intact soil specim 
or fragments of a soil sample, 115 to 230 g mass, .in t 
specimen container. The soil specimen should nearly fill t 
specimen container J,o red~ce: cquilibl!tion time. and . 
minimize suction changes in the spc:c:imeo. .. ' . . 

8.3.1 Measurement of Touzl S~ion-Remoyc two fill 
papelS from the desiccator and immediately p1aoe ova- tJ 
specimen, but isolate from the specimen'by iDscrtiDg scm 
wire, O-rings, or other inert item with minimal sur&ce art 
between the falter papers and the soil, see ,f"'sg..2(q). ~.fil" 
paper edge should be bent up or offset slightly to ~n Ia~ 
removal of the filter paper from these large COntalnCIS WIt 
tweezers, see 8.6. . 

8.3.2 Measurement of MtUric Suaion-Place thee 
stacked filter papers in contact with the soil Specimen, se 
Fig, 2(b). The outer falter papers prevent soil contaminatiol 
of the center mter paper used for analysis of the mabie 
suction. The outer filter papers should be sligbtly 1arger iz 
diameter than the center filter paper. This can be accom· 
plished by cutting the center paper so that the diam~ is ~! 
least 3 to 4 mm smal1er than the outer filter papers. This will 
help prevent direct soil contad with the center filter paper. 

8.4 Equi/ibrm;ng Suction-Put the lid of the ~men 
container in place and seal With at least one ~ppt~g 01 
plastic electrical tape. Then place the sealed contalner ID an 
insulted chest and place in a location with tempel3tur: 
variations less than 3"e. A typical nominal temperature IS 

20"e. The suction of the falter paper and the specimen in the 
container should be allowed to come to equilibration for a 
minimum of seven days, 

NOTE 3-lf filter papers arc placed with soil spc:cimem 'IIfbile ~ lbc 
(acid.. the filter papers should be ovea dried OYa1Iisbt thea stored ID an 
ainighl conW\1CI' oYer dcsia::mt to miDimize moisture ia the fillC1 
paper. Moisture ia the falter paper prior to IeStin& cxpaads the 6~-= 
al\CT'S 1hc falter paper void space thaI may lead 10 • ~ ID 
alibr.ltiOD cuooe of the r&i1Cr paper. 1'bc iasulalCd cbcst wbile, ID the field 
should be kepI in the shade duriDC hot summer days aod la • tM:'lcrI 
area during cold winler days.. The cbCSl with 1hc sealed coaWIICn 
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shouJd be pIao:d ill a temperature conuolled room al about 2O"C 
foUowing mum from the field. 

Non 4-Equilibr.ltion of suction belweczI1he soil, fillet paper. aod 
air in the dosed conUiner is the desired result of the equilibration 
period. It must be f'PA'XlSniud that the equilibration process is dcpc=adcnt 
upon the initial suction of the soil, iDitial rdati~ humidity of the air. 
soil mass, and space in the conUiucr. The seven day period is sufficient 
for conc1jtions aonually involved ill soil m.cchaaics; hownc-. under 
DWlY conditions equilibration will be comPl~ more quick1y. l1I.is 
suction measuremcot must avoid coadcasaUon so thermostatic control 
may be necessary. Sample temperature control during cquilibr.ation wiU 
ensure that condensation dTCClS arc minimizccl. Storing the specimen 
conUiners conWaing the soil specimen and falta paper in a thcrm~ 
static box (for example, ice cbcst) made of polystyrene insulation aod 
packing expaadcd ~culitc or similar material around the box wiU 
hdp minimiz.c thermal fluauatioDS. It is possible lD limit tbcnnal 
fluctuations to ~.Ol·C wlth such an iasulalion scbcmc. 

8.S Predetermining Mass of FiIIeJ' _Pgper. COnlainers.,..-At 
-the end of the-eqiiilibr.ition peri~ place each of the two 

filter papers, it total suction is to be measured. or the center 
fllter paper of a threc-1ayer stacie, if matrix suction is to be 
measured. ~ separate filter paper container of predeter
mined ma \ ermine the mass to the nearest 0.000) g, 
designated Teo (tare-<:old), belore the specimen container is 
removed Crom the insulated chest. It is suggested that the 
mass of the fJlter paper container be determined immediately 
prior to determining the total mass of the ruter paper and 
filter paper container. (~ . 

8.6 Transferring Ihe FillU PQpen~ti1izing a pair of 
tweezers, transfer .each filter paper from the specimen 
container into a metal container alternate or plastic bag 
alternate of predetermined mass (TJ. lbis entire process 
must be completed in 3 to 5 So The key to successful 
measurements of filter paper water content is to minimize 
water loss during transfer of fllter paper from the specimen 
container and during mass determination prior to oven 
drying. Observations have been made of 5 % or more mass 
loss due to evaponltion during a S to 10 s exposure of the 
fllter paper to room humidity of 30(!O\50 R". 

8.6.1 Meta/ Container AJtenuzl~lace lids loosely on 
metal container alternates (not ajar). Care must be taken to 
seal the metal container alternate after each tnlnsfer, that is. 
take the flIter paper from the specimen container and place 

M .. = mass of water in the fIlter paper, g, and 
Tc = mass of the cold fIlter paper container, g. 

8.8 Equilibrating Temperature: hl 
8.8.1 Metal Conlainer Altemate!dPlace the metal fUl 

paper containers in an oven at 110 : S·C with the Ii. 
slightly adjar or unsealed to permit moisture to escape. n 
containers ~hc:'uld re~~the oven f<!r a minimum of2 . 
After the mInImum tIm the conlalDers and leave in tt 
oven for at least IS min to allow temperature equilibtatiol 
Remove the tares from the oven and then determine in ma 
to 0.000 I g to calculate the dry total mass: 

(. 

where: 
Ml = dry total mass, g, and 
T" = hot container mass, g. 

N<7TE ~lf the filta papci eontakeis a;. ~ should b 
placed on a metal block for approximately 30 s to cool 1bc mctal bloc. 
acts as a beat siak and wiIJ n:duoc the tempcri.ture variation durin 
clctcrmiaation of III.&A. Immediately ~ lUId cIisc:ard the filter pape 
a.ac1 rcc1aamiae the mass of the filter paper container to 0.0001 &. 1ha 
is 1hc mass of &be bot contaiac:r, Til-This procedure is n:pc:atc:d fo· 
additioaaJ coataiDcn. 

8.8.2 Plastic Bag AJlmuzlt'-Place the filter paper in the 
drying oven for a minimum of 2 h, then place in a desia:an: 
jar over silica jel or standard desioca.nt to coo) for c 
minimum of 2 to 3 min. Place ~ the plastic bag anG 
detmPine the mass (M~ from Eq lUlemove the filter papel 
ancUf'etermine the final mass of the plastic bag (T'>. 

8.8.3 Once the masses of the dried filter papers have been 
determined. discard the filter papers.. Under no circum
stances sball. oven~ed filter papers .be re-used in con
ducting this test method. 

9. Calcubtion 

9.1 Calculate the following for each filter paper. 

M_ "" M. - M z + rio - Tc 

from the measured quantities: 

(4) 

(5) 

the filter paper into a metal container then seal the NOTE 6-l1te hot conUiDer mass, T .. IDa)' be coasist.catly less thaD 
container. Repeat this procedure for the ~nd fllter paper the cold tare mass, T .. if metal faI~ paper containers an: used because of 
using the second container of..predetcrmined mass if totai - ~~-l= c~ ~"-= ~ W<llSlun: wbca bated. ~ CWTI:JIts (rom 

. . .. nsmg of III" heated by the bot mctal tare may also contnbutc lD a smaller 
sucuo.n IS to be det.ermmed. The contamers. shou~d be sealed bOI we nw:s. The aYCrage ditrcrcoo:: betwcca hot and cold tare mass for 
as qUlckJy as poSSIble to ensure that ambIent aIr does not 69 measurements is 4.6 % 0.9 ~ of the filter paper mass .ud must be 
alter the moisture condition of the soil specimen or fLIter coasidcrcd if measurements of the falta paper mass arc lD ba~ an error 
papeni. less !han S %. No lcst results arc available-for plastic bags. 

8.6.2 Plastic Bag A/temate-Quickly transfer a filter 
paper to a plastic bag of predetennined initial mass and seal 
the bag. Repeat this procedure for additional filter papeni. 

8.7 Detefl"l,ining Mass of Filter Paper and Fi/ter Paper 
Containers~mmediately detennine the mass of each of the 
filter paper containeni with the filter papeni to the nearest 
0.0001 g. This mass, M .. is 

(2) 

where: 
M. = total mass of filter paper container and filter paper 

prior to oven drying, g, 
M, = mass of dry filter paper, g, 

33 

9.2 The water content of the fIlter paper, wfi by mass is as 
follows: 

(6) 

where: w, =flIter. paper water content, percent. 
9.3 Convert the ftlter paper water content, wfi to a suction 

value by reference to a calibnltion curve or calculate the 
suction from the following: 

(7) 

where: 
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SO'L 
SPEC 'WEN 

, 

SOIL 
s-ECIW4l!!H I 

A. T 0IaI Sudicn B. Mallix Suction 

F1G. 2 Setup 'or Equilibrating Suction In Large Container 

m = slope of filter paper calibration-curve, laglo 1cPa/% 
water content., and 

b &: intercept of the filter paper calibration. laglo IcPa. 
9.4 A calibration curve defined by Eq 7 is unique for each 

type of filter paper and consists of a liDe with a relatively 
steep slope and a relatively fiat slope. see Fig. 2. Take the 
SUctiOD determined from the cah"bratiOD curve as the avcrnge 
of the suctions evaluated from the water coDteDts if two filter 
papers were used to determine.the soil suctiOD. Discard the 
test results if the differeDce iD SUctiOD betweeD the two filter 
papers exceeds O.S log IcPa. 

10. Report 
10.1 Figure 3 is an example data sheet for evaluating soil 

suction using filter paper. 
10.2 Report the soil water coDtent correspondiDg to the 

total soil SUctiOD, temperature of measuremeDt and equili
bratioD time, method of calibrating filter paper, and bulk 
density of soil. 
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RG.. 3 Evaluation 0' SoD Suc:tion u.mg filter Paper 

.. -

10.3 Report the salinity of the pore water if detamioed to 
permit evaluatioD of osmotic SUctiOD aDd calculatioD of 
matric SUctiOD 11m = II - hs. 

ll_ Precision and Bias 
11.1 Precision-Data are beiDg evaluated to determine 

the precisioD of this test method. ID addition, Subcommittee 
018.04 is seeking peniDent data from users of this test 
method. 

11.2 Bias-There is DO accepted reference value for this 
test method. therefore, bias canDot be determined. 

12. Keywords 

12.1 filter paper, soil relative humidity; soil SUctiOD 
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~m~ Designation: D 422 - 63 (Re. ,-r- - - -- ----, 

Standard Test Method for 
Particle-Size Analysis of Soils 1 

This standard is issued under the fixed designation D 422; the number immediately following the designation indicates the year of 
original adoption or, in the case of revision, the year of IlISt revision. A number in parentheses indicates the year of last reapproval. A 
superscript epsilon (,) indicates an editorial change since the last revision or reapproval. 

" NOTE-Section 19 was added editorially in September 1990. 

1. Scope 

1.1 This test method covers the quantitative determina
tion of the distribution of particle sizes in soils. The 
distribution of particle sizes larger than 75 Ilm (retained on 
the No. 200 sieve) is determined by sieving, while the 
distribution of particle sizes smaller than 75 Ilm is deter
mined by a sedimentation process, using a hydrometer to 
secure the necessary data (Notes I and 2). 

, NOTE I-Separation may be made on the No.4 (4.75-mm), No. 40 
(425-f!m), or No: ~OO (75-f!m) sieve instead of the No. 10. For whatever 
sieve used, the size shall be indicated in the report. 

NOTE 2-Two types of dispersion devices are provided: (J) a 
high-speed mechanical stirrer, and (2) air dispersion. Extensive investi
gations indicate that air-dispersion devices produce a more positive 
dispersion of plastic soils below the 20-f!m size and appreciably less 
degradation on all sizes when used with sandy soils. Because of the 
definite advantages favoring air dispersion, its use is recommended. The 
results from the two types of devices differ in magnitude, depending 
upon' soil type, leading to marked differences in particle size distribu
tion, especially for sizes finer than 20 11m. 

2. Referenced Documents 

2.1 ASTM Standards: 
D 421 Practice for Dry Preparation of Soil Samples for 

Particle-Size AnalysIs and Determination of Soil 
Constants2 

E II Specification for Wire-Cloth Sieves for Testing 
Purposes3 

E 100 Specification for ASTM Hydrometers4 

3. Apparatus 

. 3.1 Balances-A balance sensitive to 0.01 g for weighing 
the material passing a No. 10 (2.00-mm) sieve, and a balance 
sensitive to 0.1 % of the mass of the sample to be weighed for 
weighing the material retained on a No. 10 sieve. . 

.. 3.2 Stirring Apparatus-Either apparatus A or B may be 
uSed. 
:.32.1 Apparatus A shall consist of a mechanically oper
}, 

""5". 
: .1 ,This test method is under the jurisdiction ~f ASTM Committee D-18 on Soil 

lQ\t k.ock and is the direct responsibility of Subcommittee D 18.03 on TextUre, 
i'Iaslicity, 1uld Density Characteristics of Soils. . 
~,Current edition approved Nov. 21, 1963, Originally published 1935. Replaces 

;}422-62. 
'2 Annual Book of ASTM Standards, Vol 04.08. 
~·~·Annual Book of ASTM Starrdards, Vol 14.02. 
tc1·4nnual Book of ASTJof Standards, Vol 14.03.· 
;~ . 
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ated stirring device in which a suitably mounted electric 
motor turns a vertical shaft at a speed of not less than 10 000 
rpm without load. The shaft shall be equipped with a 
replaceable stirring paddle made of metal, plastic, or hard 
rubber, as shown in Fig. 1. The shaft shall be of such length 
that the stirring paddle will operate not less than % in. (19.0 
mm) nor more than 11/2 in. (38.1 mm) above the bottom of 
the dispersion cup. A special dispersion cup conforming to 
either of the designs shown in Fig. 2 shall be provided to hold 
the sample while it is being dispersed. 

3.2.2 Apparatus B shall consist of an air-jet dispersion 
CUp5 (Note 3) conforming to the general details shown in Fig. 
3 (Notes 4 and 5). 

NOTE 3-The amount of air required by an air-jet dispersion cup is 
of the order of 2 ft3/min; some small air compressors are not capable of 
supplying sufficient air to operate a cup. 

NOTE 4-Another air-type dispersion device, known as a dispersion 
tube, developed by Chu and Davidson at Iowa State College, has been 
shown to give results equivalent to those secured by the air-jet dispersion 
cups. When it is used, soaking of the sample can be done in the 
sedimentation cylinder, thus eliminating the need for transferring the 
slurry. When the air-dispersion tube is used, it shall be so indicated in 
the report. 

NOTE 5-Water may condense in air lines when not in use. This 
water must be removed, either by using a water trap on the air line, or by 
blowing the water out of the line before using any of the air for 
dispersion purposes. 

3.3 Hydrometer-An ASTM hydrometer, graduated to 
read in either specific gravity of the suspension or grams per 
litre of suspension, and conforming to the requirements for 
hydrometers 151H or 152H in Specifications E 100. Dimen
sions of both hydrometers are the same, the scale being the 
only item of difference . 

3.4 Sedi111;entation Cylinder-A glass cylinder essentially 
18 in. (457 mm) in height and 21f2 in. (63.5 mm) in diameter, 
and marked for a volume of 1000 mL. The inside diameter 
shall be such that the 1000-mL mark is 36 ± 2 cm from the 
bottom on the inside. 

3~5 Thermometer-A thermometer accurate to 1°F 
(OSC). . 

3.6 Sieves~A series of sieves, of square-mesh woven~wire 
cloth, conforming to the requirements of Specification E 11. 
A full set of sieves includes the following (Note 6): 

S Detailed working drawings for this cup are a~ble at a nol)linal cOs.t from 
the American Society for Testing and Materials, 1916Raee St., Philadelpbja, PA 
19103; Order Adjunct No. 12-404220-00. . 
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HYDROMETER AND SIEVE ANALYSIS OF PORTION 
PASSING THE NO. 10 (2.00-mm) SIEVE 

7. Determination of Composite Correction for Hydrometer 
Reading 

7.1 Equations for percentages of soil remaining in suspen
sion, as given in 14.3, are based on the use of distilled or 
demineralized water. A dispersing agent is used in the water, 
however, and the specific gravity of the resulting liquid is 
appreciably greater than that of distilled or demineralized 
water. 

7.1.1 Both soil hydrometers are calibrated at 6soF (20°C), 
and variations in temperature from this standard tempera
ture produce ·inaccuracies in the actual hydrometer readings. 
The amount of the inaccuracy increases as the variation 
from the standard temperature increases. 

7.1.2 Hydrometers are graduated by the manufacturer to 
be read at the bottom of the meniscus formed by the liquid 
on the stem. Since it is not possible to secure readings of soil 
suspensions at the bottom of the meniscus, readings must be 
taken at the top and a correction applied. 

7.1.3 The net amount of the corrections for the three 
items enumerated is designated as the composite correction, 
and may be determined experimentally. 

7.2 For convenience, a graph or table of composite 
corrections for a series of 1° temperature differences for the 
range of expected test temperatures may be prepared and 
used as needed. Measurement of the composite corrections 
may be made at two temperatures spanning the range of 
expected test temperatures, and corrections for the interme
diate temperatures calculated assuming a straight-line rela
tionship between the two observed values. 

7.3 Prepare 1000 mL of liquid composed of distilled or 
demineralized water and dispersing agent in the same 
proportion as will prevail in the sedimentation (hydrometer) 
test. Place the liquid in a sedimentation cyclinder and the 
cylinder in the constant-temperature water bath, set for one 
of the two temperatures to be used. When the temperature of 
the liquid becomes constant, insert the hydrometer, and, 
after a short interval to permit the hydrometer to come to the 
temperature of the liquid, read the hydrometer at the top of 
the meniscus formed on the stem. For hydrometer 151 H the 
composite correction is the difference between this reading 
and one; for hydrometer 152H it is the difference between 
the reading and zero. Bring the liquid and the hydrometer to 
the other temperature to be used, and secure the composite 
correction as before. 

8. Hygroscopic Moisture 

S.I When the sample is weighed for the hydrometer test, 
weigh out an auxiliary portion of from 10 to 15 g in a small 
metal or glass container, dry the sample to a constant maSs in 
an oven at 230 ± 9°F (1 1'0 ± 5°C), and weigh again. Record 
the masses. '. 

9. Dispersion of "SOil Sample 

9.1 "When the soil is mostly of the clay and silt sizes, weigh 
out a sample of air-dry soil of approximately 50 g. When the 
soil is mostly sand the sample should be approximately 100 
g. 
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9.2 Place the sample in the 250-mL beaker and cover with 
125 mL of sodium hexametaphosphate solution (40 giL). 
Stir until the soil is thoroughly wetted. Allow to soak for at 
least 16 h. 

9.3 At the end of the soaking period, disperse the sample 
further, using either stirring apparatus A or B. If stirring 
apparatus A is used, transfer the soil - water slurry from the 
beaker into the special dispersion cup shown in Fig. 2, 
washing any residue from the beaker into the cup with 
distilled or demineralized water (Note 9). Add distilled or 
demineralized water, if necessary, so that the cup is more 
than half full. Stir for a period of I min. 

NOTE 9-A large size syringe is a convenient device for handling the 
water in the washing operation. Other devices include the wash-water 
bottle and a hose with nozzle connected to a pressurized distilled water 
tank. 

9.4 If stirring apparatus B (Fig. 3) is used, remove the 
cover cap and connect the cup to a compressed air supply by 
means of a rubber hose. A air gage must be on the line 
between the cup and the control valve. Open the control 
valve so that the gage indicates I psi (7 kPa) pressure (Note 
10). Transfer the soil - water slurry from the beaker to the 
air-jet dispersion cup by washing with distilled or 
demineralized water. Add distilled or demineralized water, if 
necessary, so that the total volume in the cup is 250 mL, but 
no more. 

NOTE 10-The initial air pressure of 1 psi is required to prevent the 
soil- water mixture from entering the air-jet chamber when the mixture 
is transferred to the dispersion cup. 

9.5 Place the cover cap on the cup and open the air 
control valve until the gage pressure is 20 psi (140 kPa). 
Disperse the soil according to the following schedule: 

Plasticity Index 

Under 5 
6 to 20 
Over 20 

Dispersion Period, 
min 

5 
10 
15 

Soils containing large percentages of mica need be dispersed 
for only I min. After the dispersion period, reduce the gage 
pressure to I psi preparatory to transfer of soil - water slurry 
to the sedimentation cylinder. 

10. Hydrometer Test 
10.1 Immediately after dispersion, transfer the soil- water 

slurry to the glass sedimentation cylinder, and add distilled 
or demineralized water until the total volume is 1000 mL. 

10.2 Using the palm of the hand over the open end of the 
cylinder (or a rubber stopper in the open end), turn the 
cylinder" upside down and back for a period of 1 min to 
complete the agitation of the slurry (Note 11). At the end of 
1 min set the cylinder in a convenient location and take 
hydrometer readings at the following" intervals of time 
(measured from the beginning of sedimentation), or as many 
as may be needed, depending on' the sample or the specifica
tion for the material under test: 2, 5, 15, 30, 60, 250, and 
1440 min. If the controlled water bath is used, the sedimen
tation cylinder should be placed in the bath between the 2-
and 5-min readings. 

NOTE II-The number of turns during this minute should be 
approximately 60, counting the tum upside down and back as two turns. 
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AnY soil remaining in ihe bottom of the cylinder duri~g the fi~ .fe~ 
turns should be loosened by vigorous shaking of the cylinder while It IS 

in the inverted position. 

10.3 When it is desired to take a hydrometer reading, 
carefully insert the hydrometer about 20 to 2S s before the 
reading is due to approximately the depth it will have when 
the reading is taken. As soon as the reading is taken, carefully 
remove the hydrometer and place it with a spinning motion 
in a graduate of clean distilled or demineralized water. 

NOTE 12-It is important to remove the hydrometer immediately 
after each reading. Readings shall be taken at the top of the meniscus 
fonned by the suspension around the stem, since it is not possible to 
secure readings at the bottom of the meniscus. 

10.4 After each reading, take the temperature of the sus
pension by inserting the thermometer into the suspension. 

11. Sieve Analysis 

11.1 After taking the final hydrometer reading, transfer 
the suspension to a No. 200 (7S-llm) sieve and wash with tap 
water until the wash water is clear. Transfer the material on 
the No. 200 sieve to a suitable container, dry in an oven at 
230 ± 9°F (110 ± SoC) and make a sieve analysis of the 
portion retained, using as many sieves as desired, or required 
for the material, or upon the specification of the material 
under test. 

CALCULATIONS AND REPORT 

12. Sieve Analysis Values for the Portion Coarser than the 
No. 10 (2.00-mm) Sieve 

12.1 Calculate the percentage passing the No. 10 sieve by 
dividing the mass passing the No. 10 sieve by the mass of soil 
originally split on the No. 10 sieve, and multiplying the result 
by 100. To obtain the mass passing the No. 10 sieve, subtract 
the mass retained on the No. 10 sieve from the original mass. 

12.2 To secure the total mass of soil passing the No.4 
(4.7S-mm) sieve, add to the mass of the material passing the 
No. 10 sieve the mass of the fraction passing the No.4 sieve 
and retained on the No. 10 sieve. To secure the total mass of 
soil passing the 3fs-in. (9.5-mm) sieve, add to the total mass of 
soil passing the No.4 sieve, the mass of the fraction passing 
the 3fs-in. sieve and retained on the No. 4 sieve. For the 
remaining sieves, continue the calculations in the same 
manner. 

12.3 To determine the total percentage passing for each 
sieve, divide the total mass passing (see 12.2) by the total 
mass of sample and multiply the result by 100. 

13. Hygroscopic Moisture Correction Factor 
13.1 The hydroscopic moisture cOrrection factor is the 

ratio between the mass of the oven-dried sample and the 
air-dry mass before drying. It is a number less than one, 
except when there is no hygroscopic moisture. ' 

14. Percentages of Soil in Suspension 
14.1 Calculate the oven-dry mass of soil Used in the 

hydrometer analysis by multiplying the air-dry mass by the 
'hygroscopic moisture correction factor. 

:~ 14.2 Calculate the mass of a total sample represented by 
the mass of soil Used in the hydrometer test, by dividing the 
oven-dry mass Used by the percentage passing the No. 10 
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TABLE 1 Values of Correction Factor, a, for Different Specific 
Gravities of Soli ParticlesA 

Specific Gravity 

2.95 
2.90 
2.85 
2.80 
2.75 
2.70 
2.65 
2.60 
2.55 
2.50 
2.45 

Correction Factor" 

0.94 
0.95 
0.96 
0.97 
0.98 
0.99 
1.00 
1.01 
1.02 
1.03 
1.05 

.. For use in equation for percentage of soil remaining in suspension when using 
Hydrometer 152H. 

(2.00-mm) sieve, and multiplying the result by 100. This 
value is the weight W in the equation for percentage 
remaining in suspension. 

14.3 The percentage of soil remaining in suspension at the 
level at which the hydrometer is measuring the density of the 
suspension may be calculated as follows (Note 13): For 
hydrometer lSI H: 

P = [(100 OOO/W) x G/(G - G1)](R - G1) 

NOTE 13-The bracketed portion of the equation for hydrometer 
lSI H is constant for a series of readings and may be calculated first and 
then multiplied by the portion in the parentheses. 

For hydrometer lS2H: 

P = (Ra/W) x 100 

where: 
a = correction faction to be applied to the reading of 

hydrometer IS2H. (Values shown on the scale are 
computed using a specific gravity of 2.6S. Correction 
factors are given in Table 1), 

P = percentage of soil remaining in suspension at the level 
at which the hydrometer measures the density of the 
suspension, 

R = hydrometer reading with composite correction ap
plied (Section 7), 

W = oven-dry mass of soil in a total test sample repre
sented by mass of soil dispersed (see 14.2), g, 

G = specific gravity of the soil particles, and . 
G1 = specific gravity of the liquid in which soil partides are 

suspended. Use numerical value of one in both 
instanCes in the equation. In the first instance 'any 
possible variation produces no significant effect, and 
in the second instance, the composite correction for R 
is based on a value of one for G ,. 

1~~ Diameter of Soil Particles 
, IS.1 The diameter of a particle corresponding to the 

percentage indicated by a given hydrometer reading shall~ 
calculated acCording to Stokes' law (Not~ 14), on the basIS 
that a particle of this diameter. was at the surface of the 
suspension at the beginning of sedimentation and had settled 
to the level at which the hydrometer ~ measuring the density 
of the suspension. According to Stokes' law: 

D = J[30n/980(G - G1)] x L(l' 

where: 
DI = diameter of particle, mm, 
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n coefficient of viscosity of the suspending medium (in 
this case water) in poises (varies with changes in 
temperature of the suspending medium), 

L distance from the surface of the suspension to the 
level at which the density of the suspension is being 
measured, cm. (For a given hydrometer and sedimen
tation cylinder, values vary according to the hydrom
eter readings. This distance is known as effective 
depth (Table 2», 

T interval of time from beginning of sedimentation to 
the taking of the reading, min, 

G specific gravity of soil particles, and 
G1 specific gravity (relative density) of suspending me

dium (value may be used as 1.000 for all practical 
purposes). 

NOTE 14-Since Stokes' law considers the terminal velocity of a 
single sphere falling in an infinity ofliquid, the sizes calculated represent 
the diameter of spheres that would fall at the same rate as the soil 
particles. 

15.2 For convenience in calculations the above equation 
may be written as follows: 

D = KJL/T 

where: 
K = constant depending on the temperature of the suspen

sion and the specific gravity of the soil particles. Values 
of K for a range of temperatures and specific gravities 
are given in Table 3. The value of K does not change for 
a series of readings constituting a test, while values of L 
and T do vary. 

15.3 Values of D may be computed with sufficient accu
racy, using an ordinary lO-in. slide rule. 

NOTE 15-The value of L is divided by T using the A - and B -scales, 
the square root being indicated on the D-scale. Without ascertaining the 
value of the square root it may be mUltiplied by K, using either the C - or 
CI-sca,Ie. 

16. Sieve Analysis Values for Portion Finer than No. 10 
(2.00-mm) Sieve 

16.1 Calculation of percentages passing the various sieves 
used in sieving the portion of the sample from the hydrom
eter test involves several steps. The first step is to calculate 
the mass of the fraction that would have be~n retained on the 
No. 10 sieve had it not been removed. Tills mass is equal to 
the total percentage retained on the No. 10 sieve (l00 minus 
total percentage passing) times ~e mass of the total sample 
represented by the mass of soil used (as calculated in 14.2), 
and the result divided by 100. 

16.2 Calculate next the total mass passing the No. 200 
sieve. Add together the fractional masses retained on all the 
sieves, including the No. 10 sieve, and subtract this sum from 
the mass of the total sample (as calclilat¢in 14.2). . 

.. 16.3 Calculate next the· total masses passing each of the 
other sieves, in a m.anner similar to that given in 12.2. 

16.4 caJ.CuIate last the total percentages pasSing by di
viding the total maSs paSsing (as calcUlated in 16.'3) by the 
total mass of sample (as calclilated in 14.2), and mliltiply the 
result by 100. . , 

17. Graph 

17.1 When the hydrometer analysis is performed, a graph 
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TABLE 2 Values of Effective Depth Based on Hydrometer and· 
Sedimentation Cylinder of Specified SizesA 

Hydrometer 151H Hydrometer 152H 

Actual Effective Actual Effective Actual Effectlv;-
Hydrometer Depth. Hydrometer Depth, Hydrometer Depth," 

Reading L,an Reading L,cm Reading L,an 

1.000 16.3 0 16.3 31 11.2 
1.001 16.0 1 16.1 32 11.1 
1.002 15.8 2 16.0 33 1(i.9 
1.003 15.5 3 15.8 34 10.7 
1.004 15.2 4 15.6 35 10.6 
1.005 15.0 5 15.5 

1.006 14.7 6 15.3 36 10.4 
1.007 14.4 7 15.2 37 10.2 
1.008 14.2 8 15.0 38 10.1 
1.009 13.9 9 14.8 39 9.9 
1.010 13.7 10 14.7 40 9.7 

1.011 13.4 11 14.5 41 9,6 
1.012 13.1 12 14.3 42 9.4 
1.013 12.9 13 14.2 43 9.2 
1.014 12.6 14 14.0 44 9.1 
1.015 12.3 15 13.8 45 8.9 

1.016 12.1 16 .13.7 .46 8.8 
1.017 11.8 17 13.5 47 8.6 
1.018 11.5 18 13.3 48 8.4 
1.019 11.3 19 13.2 49 8.3 
1.020 11.0 20 13.0 50 8.1 

1.021 10.7 21 12.9 51 7.9 
1.022 10.5 22 12.7 52 7.8 
1.023 10.2 23 12.5 53 7.6 
1.024 10.0 24 12.4 54 7.4 
1.025 9.7 25 12.2 55 7.3 

1.026 9.4 26 12.0 56 7.1 
1.027 9.2 27 11.9 57 7.0 
1.028 8.9 28 11.7 58 6.8 
1.029 8.6 29 11.5 59 6.6 
1.030 8.4 30 11.4 60 6.5 

1.031 8.1 
1.032 7.8 
1.033 7.6 
1.034 7.3 
1.035 7.0 
1.036 6.8 
1.037 6.5 
1.038 6.2 

A Values of effective depth are calculated from the equation: 

L = L, + '/2 [L2 - (VeM)l 

where: 
L = effective depth, em, 
LI = distance along the stem of the hydrometer from the top of the bulb to 

mark for a hydrometer reading, em, 
~ = overall length of the hydrometer bulb, cm, 
VB = volume of hydrometer bulb, ern3, and 
A = cross-sectional area of sedimentation cylinder, em2 

Values used in calculating the values In Table 2 are as follows: 
For both hydrometers, 151H and 152H: 
~ ,= 14.qem 
VB = 67.0·cm3 

A· = 27.8 em2 

For hydrometer 151H: 
LI = 10.5 em for a reading of 1.000 

= 2.3 em for a reading of 1.031 , 
For hydrometer 152H: 
LI = 10.5 em for a reading of 0 IlIIitre 

= 2.3 em for a reading of 50 IlIIitre 

of the test reslilts shall be made, plotting the diameters 
particles 'on a logarithmic scale as the abscissa and; 
percentages smaller· than -the corresponding diameters to 

\ 

.:, 
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TABLE 3 Values of K for Use in Equation for Computing Diameter of Particle in Hydrometer Analysis - Specific Gravity of Soil Particles Temperature, 
·C 2.45 2.50 2.55 2.60 

16 0.01510 0.01505 0.01481 0.01457 
17 0.01511 0.01486 0.01462 0.01439 
18 0.01492 0.01467 0.01443 0.01421 
19 0.01474 0.01449 0.01425 0.01403 
20 0.01456 0.01431 0.01408 0,01386 

21 0.01438 0.01414 0.01391 0,01369 
22 0.01421 0.01397 0.01374 0,01353 
23 0.01404 0.01381 0,01358 0.01337 
24 0.01388 0.01365 0.01342 0.01321 
25 0,01372 0.01349 0.01327 0,01306 

26 0.01357 0.01334 0.01312 0.01291 
27 0.01342 0.01319 0.01297 0.01277 
28 0.01327 0.01304 0.01283 0.01264 
29 0.01312 0.01290 0.01269 0.01249 
30 0.01298 0.01276 0.01256 0.01236 

arithmetic scale as the ordinate. When the hydrometer 
analysis is not made on a portion of the soil, the preparation 
of the graph is optional, since values may be secured directly 
from tabulated data. 

18. Report 
. 18.1 The report shall include the following: 

18.1.1 Maximum size of particles, 
18.1.2 Percentage passing (or retained on) each sieve, 

which may be tabulated or presented by plotting on a graph 
(Note 16), 

18.1.3 Description of sand and gravel particles: 
18.1.3.1 Shape-rounded or angular, 
18.1.3.2 Hardness-hard and durable, soft, or weathered 

and friable, 
18.1.4 Specific gravity, if unusually high or low, 
18.1.5 Any difficulty in dispersing the fraction passing the 

No. 10 (2.00-mm) sieve, indicating any change in type and 
amount of dispersing agent, and 

18.1.6 The dispersion device used and the length of the 
dispersion period. 

NOTE 16-This tabulation of graph represents the gradation of the 
sample tested. If particles larger than those contained in the sample were 
removed before testing, the report shall so state giving the amount and 
maximum size. 

18.2 For materials tested for compliance with definite 
specifications, the fractions called . for in such specifications 
shall be reported. The fractions smaller than the No. 10 sieve 
shall be read from the graph. 
, 18.3 For materials for which compliance with definite 

sPecifications is not indicated and when the soil is composed 
almost entirely of particles passing the No.4 (4.75-mm) 
sieve, the results read from the graph may be reported as 
follows: 

2.65 2.70 2.75 2.80 

0.01435 0.01414 0.01394 0.01374 
0.01417 0,01396 0.01376 0,01356 
0.01399 0.01378 0,01359 0,01339 
0.01382 0.01361 0.01342 0.1323 
0,01365 0.01344 0.01325 0.01307 

0.01348 0.01328 0,01309 0.01291 
0.01332 0.01312 0.01294 0.01276 
0.01317 0.01297 0.01279 0.01261 
0.01301 0.01282 0.01264 0.01246 
0.01286 0.01267 0.01249 0.01232 

0.01272 0.01253 0.01235 0.01218 
0.01258 0.01239 0.01221 0.01204 
0.01244 0.01255 0.01208 0.01191 
0.01230 0.01212 0.01195 0.01178 
0.01217 0.01199 0.01182 0.01165 

(l) Gravel, passing 3·in. and retained on No.4 sieve 
(2) Sand, passing No.4 sieve and retained on No. 200 sieve 

(a) Coarse sand, passing No.4 sieve and retained on 
No. 10 sieve 

. (b) Medium sand, passing No. 10 sieve and retained on 
No. 40 sieve 

(c) Fine sand, passing No. 40 sieve and retained on No. 
200 sieve 

(3) Silt size, 0.074 to 0.005 mm 
(4) Oay size, smaller than 0.005 mm 

Colloids, smaller than 0.00 I mm 

2.85 

0,01356 
0,01338 
0.01321 
0.01305 
0.01289 

0.01273 
0.01258 
0.01243 
0.01229 
0.01215 

0.01201 
0.01188 
0.01175 
0.01162 
0.01149 

....... % 

....... % 
...... % 

.... % 

. ... % 

..... % 
........... % 
......... % 

18.4 For materials for which compliance with definite 
specifications is not indicated and when the soil contains 
material retained on the No.4 sieve sufficient to require a 
sieve analysis on that portion, the results may be reported as 
follows (Note 17): 

3-in. 
2-in. 
I'h·in. 
I-in. 
'I.·in. 
'I.-in. 

Sieve Size 

No.4 (4.75-mm) 
No. 10 (2.00-mm) 
No. 40 (425-/Lm) 
No. 200 (75-/Lm) 

0.074 mm 

SIEVE ANALYSIS 

HYDROMETER ANALYSIS 

Percentage 
Passing 

0.005 mm .............. . 
O.OOlmm .............. . 

NOTE 17-No. 8 (2.36-mm) and No. 50 (300-llm) sieves may be 
substituted for No. 10 and No. 40 sieves. 

19. Keywords 
19.1 grain-size; hydrometer analysis; hygroscopic mois

ture; particle-size; sieve analysis 

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection 
with any item mentioned In this standard. Users of this standard are expressly advised that determination of the validity of any such 
patent rights, and the risk of Infringement of such rights, are entirely their own responsibility. 

This standard Is subject to revision at any time by the responsible technical committee and must be reviewed every five years and 
" not revised, either reapproved or withdrawn. Your comments are Invited eithfir for revisIon of this standard or for additional standards. 
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meetIng of the respOnSible 
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your 
views known to the ASTM Committee on Standards, 1916 Race St., Philadelphia, PA 19103. 
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~I Designation: D 854 - 92 

Standard Test Method for 
Specific Gravity of Soils 1 

This standard is issued under the fixed designation D S54; the number immediately following the designation indicates the year of 
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A 
superscript epsilon (.) indicates an editorial change since the last revision or reapproval. 

1. Scope 

1.1 This test method covers the determination of the 
specific gravity of soils that pass the 4.75-mm (No.4) sieve, 
by means of a pycnometer. When the soil contains particles 
larger than the 4.75-mm sieve, Test Method C 127 shall be 
used for the material retained on the 4.75-mm sieve and this 
test method shall be used for the material passing the 
4.75-mm sieve. 

1.1.1 Two procedures for performing the specific gravity 
are provided as follows: 

1.1.1.1 Method A-Procedure for Oven-Dry Specimens, 
described in 9.1. 

1.1.1.2 Method B-Procedure for Moist Specimens, de
scribed in 9.2. The procedure to be used shall be specified by 
the requesting authority. For specimens of organic soils and 
highly plastic, fine-grained soils, Procedure B shall be the 
preferred method. 

1.2 When the specific gravity value is to be used in 
calculations in connection with the hydrometer portion of 
Test Method D 422, it is intended that the specific gravity 
test be made on that portion of the sample which passes the 
2.00-mm (No. 10) sieve. 

1.3 The values stated in acceptable metric units are to be 
regarded as standard. 

1.4 This standard does not purport to address all of the 
safety problems, if any, associated with its use. It is the 
responsibility of the user of this standard to establish appro
priate safety and health practices and determine the applica
bility of regulatory limitations prior to use. 

2. Referenced Documents 

2.1 ASTM Standards: 
C 127 Test Method for Specific Gravity and Absorption of 

Coarse Aggregate2 

C 670 Practice for Preparing Precision and Bias State
ments for Test Methods for Construction Materials2 

D 422 Test Method for Particle-Size Analysis of Soils3 

D 653 Terminology Relating to Soil, Rock, and Contained 
Fluids3 

D 2487 Test Method for Classification of Soils for Engi
neering Purposes3 

I This test method is under the jurisdiction of ASTM Committee O-IS on Soil 
and Rock and is the direct responsibility of Subcommittee DlS.03 on Texture, 
Plasticity and Density Characteristics of Soils. 

Current edition approved Nov. IS, 1992. Published January 1993. Originally 
published as D 854 - 45. Last previous edition D SS4 - 91. 

2 Annual Book of ASTM Standards, Vol 04.02. 
3 Annual Book of ASTM Standards, Vol 04.0S. 

D4753 Specification for Evaluating, Selecting, and Speci 
fying Balances and Scales for Use in Soil and Roc 
Testing3 

E 1 Specification for ASTM Thermometers4 

E 11 Specification for Wire-Cloth Sieves for 
Purposes5 

E 12 Terminology Relating to Density and 
Gravity of Solids, Liquids, and Gases6 

2.2 AASHTO Standards:7 

AASHTO Test Method T100 

3. Terminology 

3.1 All definitions are in accordance with Terminolo ' 
D 653 and E 12. 

3.2 Description of Term Specific to This Standard: 
3.2.1 specific gravity-the ratio of the mass of a unit 

volume of a material at a stated temperature to the mass 0 

the same volume of gas-free distilled water at a stated 
temperature. 
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4. Significance and Use 

4.1 The specific gravity of a soil is used in calculating the) 
phase relationships of soils (that is, the relative volumes of 
solids to water and air in a given volume of soil). 

4.2 The term solid particles is typically assumed to mean 
naturally occurring mineral particles that are not readily 
soluble in water. Therefore, the specific gravity of materials 
containing extraneous matter (such as cement, lime, and t4e 
like), water-soluble matter (such as sodium chloride), and 
soils containing matter with a specific gravity less than one, 
typically require special treatment or a qualified definition of 
their specific gravity. 

5. Apparatus 

5.1 Pycnometer-The pycnometer shall be one of the 
following: 

5.1.1 Volumetric Flask, having a capacity of at least 100 
mL. 

5.1.2 Stoppered Bottle, having a capacity of at least 50 
mL. The stopper shall be of the same material, and shall 
permit the emission of air and surplus water when it is put in 
place. 

NOTE I-Flask sizes of greater than the specified minimum capacity 
are recommended. Larger flasks are capable of holding larger specimens 
and tend to produce better statistical results. 

4 Annual Book of ASTM Standards, Vol 14.03. 
'Annual Book of ASTM Standards, Vol 14.02. 
6 Annual Book of ASTM Standards, Vol 15.05. 
7 Av~able from American Association of State Highway and Transportation 

Officials, 444 N Capital St., NW, Washington, DC 20001. 

-
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5.2 Balance-Meeting the requirements of Specification 
D 4753 and readable, without estimation, to at least 0.1 % of 
the specimen mass. 

5.3 Drying Oven-Thermostatically-controlled oven, ca
pable of maintaining a uniform temperature of 110 ± 5°C 
(230 ± 9°F) throughout the drying chamber. 

5,4 Thermometer, capable of measuring the temperature 
range within which the test is being performed, graduated in 
aOSC (1.0°F) division scale and meeting the requirements 
of Specification E 1. 

5.5 Desiccator-A desiccator cabinet or large desiccator 
jar of suitable size containing silica gel or anhydrous calcium 
sulfate. 8 

NOTE 2-1t is preferable to use a desiccant that changes color to 
indicate when it needs reconstitution. 

5.6 Entrapped Air Removal Apparatus-To remove en
trapped air, use one of the following: 

5.6.1 Hot Plate or Bunsen Burner, capable of maintaining 
a temperature adequate to boil water. 

5.6.2 Vacuum System, a vacuum pump or water aspi
rator, capable of producing a partial vacuum of 100 min or 
less absolute pressure. 

NOTE 3-A partial vacuum of 100 mm Hg absolute pressure is 
approximately equivalent to a 660 mm (26 in.) Hg reading on vacuum 
gauge at sea level. 

5.7 Miscellaneous Equipment, specimen dishes and insu
lated gloves. 

6. R~agents and Materials 
6.1 Purity of Water-Where distilled water is referred to 

in this test method, either distilled or demineralized water 
maybe used. 

7. Test Specimen 

7.1 The test specimen may be oven-dried or moistened 
soil and shall be representative of the total sample. In either 
case the specimen shall be large enough that its minimum 
mass in the oven-dried state is in accordance with the 
following: 

Maximum Standard 
Particle Size Sieve Minimum Mass 

(100 % passing) Size of Test' Specimen, g 

2mm No. 10 20 
4.75 mm No.4 100 

8. Calibration of Pycnometer 
8.1 Determine and record the mass of a clean, dry 

pycnometer, Mf 
8.2 Fill the pycnometer with distilled water to the calibra

tion mark. Visually inspect the pycnometer and its contents 
to ensure that there are no air bubbles in the distilled water. 
Determine and record the mass of the pycnometer and 
water, M a• 

8.3 Insert a thermometer in the water, and determine and 
record its temperature, Ta, to the nearest OSC (1.0°F). 

8.4 From the mass, Ma, determined at the observed 
temperature, Ta, prepare a table of values of mass, M a, for a 

L: series of temperatures that are likely to prevail when the 

\1 
8 Anhydrous calcium sulfate is sold under the trade name Drierite. 

mass of the pycnometer, soil, and water, M h, is determined 
later. These values of Ma can be determined experimentally 
or may be calculated as follows: 

Ma (at Tx) = [(density of water at Tx/density of water 
at Ta) x (Ma (at Ta) - Mf )] + Mf 

where: 
Ma = mass of pycnometer and water, g, 
Mf = mass of pycnometer, g, 
Ta = observed temperature of water, °C, and 
Tx = any other desired temperature, °C. 

NOTE 4-This test method provides a procedure that is more 
convenient for laboratories making many determinations with the same 
pycnometer. It is equally applicable to a single determination. Bringing 
the pycnometer and contents to some designated temperature when 
masses Ma and Mb are taken, requires considerable time. It is important 
that masses Ma and Mb be based on water at the same temperature. 
Values for the density of water at temperatures from 16.0 to 30.0°C are 
given in Table 1. 

9. Procedure 
9.1 Test Method A-Procedure For Oven-Dried Speci

mens: 
9.1.1 Dry the specimen toa constant mass in an oven 

maintained at 110 ± SoC (230 ± 9°F) (See Note 5) and cool it 
in a desiccator. 

NOTE 5-Drying of certain soils at 110°C (230°F) may bring about 
loss of water of composition or hydration, and in such cases drying may 
be done in reduced air pressure or at a . lower temperature .. 

9.1.2 Determine and record the mass of a clean, dry, 
calibrated pycnometer, Mf Select a pycnometer of sufficient 
capacity that the volume filled to the mark will be at least 50 
percent greater than the space required to accommodate the 
test specimen. Place the specimen in the pycnometer. 
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TABLE 1 Density of Water and Correction Factor K for Various 
Temperatures 

Temperature. °c 
16.0 
16.5 
17.0 
17.5 
18.0 
18.5 
19.0 
19.5 
20.0 
20.5 
21.0 
21.5 
22.0 
22.5 
23.0 
23.5 
24.0 
24.5 
25.0 
25.5 
26.0 
26.5 
27.0 
27.5 
28.0 
28.5 
29.0 
29.5 
30.0 

Density of Water (g/mL) 

0.99897 
0.99889 
0.99880 
0.99871 
0.99862 
0.99853 
0.99843 
0.99833 
0.99823 
0.99812 
0.99802 
0.99791 
0.99780 
0.99768 
0.99757 
0.99745 
0.99732 
0.99720 
0.99707 
0.99694 
0.99681 
0.99668 
0.99654 
0.99640 
0.99626 
0.99612 
0.99597 
0.99582 
0:99567 

Correction Factor K 

1.0007 
1.0007 
1.0006 
1.0005 
1.0004 
1.0003 
1.0002 
1.0001 
1.0000 
0.9999 
0.9998 
0.9997 
0.9996 
0.9995 
0.9993 
0.9992 
0.9991 
0.9990 
0.9988 
0.9987 
0.9986 
0.9984 
0.9983 
0.9982 
0.9980 
0,9979 
O.99n 
0.~76 
0.9974 
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TABLE 2 

Material and 
Type Index 

Single-operator precision: 
Cohesive soils 
Noncohesive soils 

Mufti/aberatory precision: 
Cohesive soils 
Noncohesive soils 

Table of Precision EstimatesA 

Standard DeviationB 

Passing Passing 
No.4 No. 10 

(4.75 mm) (2.00 mm) 

0.021 0,019 
B B 

0.056 0.041 
B B 

Acceptable Range of 
Two Results C 

Passing Passing 
No.4 No. 10 

(4.75 mm) (2.00 mm) 

0.06 0.06 
B B 

0.16 0.12 
B B 

AThe figures given in Columns 2 and 3 are the standard deviations that have 
been found to be appropriate for the materials described in Column 1. The figures 
given in Columns 4 and 5 are the limits that should not be exceeded by the 
difference between the two properly conducted tests. 

B These numbers represent, respectively, the (1S) and (02S) limits as de
scribed in Practice C 670. 

C Criteria for assigning standard deviation values for noncohesive soils are not 
available at the present time. 

Determine the mass of the specimen and pycnometer, and 
subtract the mass of the pycnometer, Mfi from this value to 
determine the mass of the oven-dry specimen, Mo. . 

9.1.3 Fill the pycnometer with distilled water to a level 
slightly above that required to cover the soil and soak the 
specimen for at least 12 h. 

NOTE 6-For some soils containing a significant fraction of organic 
matter, kerosine is a better wetting agent than water and may be used in 
place of distilled water for oven-dried specimens. If kerosine is used, the 
entrapped air should only be removed by use of an aspirator. Kerosine is 
a flammable liquid that must be used with extreme caution. 

NOTE 7-Adding distilled water to just cover the soil makes it easier 
to control boil-over during removal of entrapped air. 

9.1.4 Remove the entrapped air by one of the following 
methods: 

9.1.4.1 Boil the specimen gently for at least 10 min while 
agitating the pycnometer occasionally to assist in the re
moval of air. Then cool the heated specimen to room 
temperature. 

9.1.4.2 Subject the contents to a vacuum (air pressure not 
exceeding 100 mm Hg) for at least 30 min (Note 8) either by 
connecting the pycnometer directly to an aspirator or 
vacuum pump or by use of a bell jar. While the vacuum is 
being applied, gently agitate the pycnometer periodically to 
assist in the removal of air. Some soils boil violently when 
subjected to reduced air pressure. It will be necessary in those 
cases to reduce the air pressure at a slower rate or to use a 
larger flask. 

NOTE 8-Specimens with a high plasticity at the natural water 
content may require 6 to 8 h to remove entrapped air. Specimens with a 
low plasticity at the natural water content may require 4 to 6 h to 
remove entrapped air. Oven-dried specimens may require 2 to 4 h to 
remove entrapped air. 

9.1.5 Fill the pycnometer to just below the calibration 
mark with distilled water at room temperature. Add the dis
tilled water slowly and carefully to avoid the entrapment of 
air bubbles in the specimen (Note 9). Allow the pycnometer 
to obtain a uniform water temperature (Note 10). 

NOTE 9-To avoid the entrapm~nt of air bubbles, the distilled water 
can be introduced through a piece of small -diameter flexible tubing with 
its outlet end kept just below the surface of the distilled water in the 
pycnometer. 

NOTE 10-To obtain a uniform water temperature the py(:nomelt... 
may be allowed to sit overnight or be placed in a constant tenl[)e,rnh.,.,! 
bath. 

9.1.6 Fill the pycnometer with distilled water at the 
temperature to the mark, clean the outside, and dry with 
clean, dry cloth. Determine and record the mass of 
pycnometer filled with soil and water, M b• . 

9.1. 7 Insert a thermometer into the water, and 
and record its temperature, Tb, to the nearest OSC (1.0·F) .. 

9.2 Test Method B-Procedure For Moist Specimens:' .;) 
9.2.1 Place the specimen in a calibrated pycnometer. 
9.2.1.1 Disperse specimens of clay soils in distilled wate~ 

before they are placed in the pycnometer, by use of the 
dispersing equipment specified in Test Method D 422. The 
minimum volume of slurry that can be prepared by this 
dispersing equipment is such that a 500-mL (or larger) flask 
is needed as a pycnometer.! 

9.2.2 Proceed as described in Sections 9.1.4 and 9.1. 7. 
9.2.3 Remove the specimen from the pycnometer, and 

dry it to a constant mass in an oven maintained at 110 ± 5·C 
(230 ± 9°F) (See Note 5). Cool the specimen in a desiccator. 

9.2.4 Determine and record the mass of the oven-dried 
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soil, Mo. 

10. Calculation 
10.1 Calculate the specific gravity of the soil, G, to the 

nearest 0.01, based on water at a temperature (Tb ) as follows: 

G at Tb = Mo/[Mo + (Ma - MbJ 

where: 
Mo = mass of sample of oven-dry soil, g, 
Ma = mass of pycnometer filled with water at temperature 

Tb (Note 11), g, 
Mb = mass of pycnometer filled with water and soil at 

temperature T X' g, 
Tb = temperature of the contents of the pycnometer when 

mass Mb was determined, ·C. 

NOTE II-This value can be obtained from the table of values of Ma. 
prepared in accordance with 6.2, for the temperatures prevailing when 
mass Mb was determined, 0c. 

NOTE 12-The equation shown in 9.1 is for computing the specific 
gravity of the soil tested in water. When kerosine is used, the Eq must be 
adjusted by multiplying the result by the specific gravity of kerosine at 
Tb and dividing it by the density of water at Tb. 

10.2 Calculate the weighted average specific gravity for 
soils containing particles both larger and smaller than the' 
4.75-mm sieve using the following equation: 

G =-----
avg RI PI 

--+--
100GI IOOG2 

where: 
Gavg = weighted. average specific gravity of soils composed of 

particles larger and smaller than the 4.75-mm sieve, . 
RI = percent of soil particles retained on 4.75-mmsieve; .J 

PI' = percent of soil particles passing the 4.75-mm sieve, ,.' 
G, = apparent specific gravity of soil particles retained on 

the 4.75-mm sieve as determined by Test Method'·r\ 
C 127, and 
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G2 = specific gravity of soil particles passing the 4.75-mm 
sieve as determined by this test method. 

10.3 Unless otherwise required, specific gravity (G) values 
reported shall be based on water at 20·C. Calculate the value 
baSed on water at 20·C from the value based on water at the 
observed temperature Tb, as follows: 

Gat 20·C = K x (G at Tb ) 

where: 
K = a number found by dividing the density of water at 

temperature Tb by the density of water at 20·C. Values 
for the range of temperatures are given in Table 1. 

10.4 In some cases, it is desired to report the specific 
gravity value based on water at a different temperature. In 
these cases, the specific gravity value, based on any temper
ature T X> may be calculated as follows: 

11. Report 

Gat 20·C 
Gat Tx =--

K 

11.1 The report (data sheet) shall include the following: 
11.1.1 Identification of the sample (material) being tested, 

such as boring number, sample number, test number, etc. 
11.1.2 Specific gravity at 20·C to the nearest 0.01. Test 

procedure used (A or B). 

11.1.3 Maximum particle size of the test specimen. 
11.1.4 Specific gravity to the nearest 0.01 at a specifiec 

temperature other than 20·C, if applicable. 
11.1.5 Type of fluid used, if other than distilled water. 
11.1:6 When any portion of the original sample of soil is 

eliminated in the preparation of the test specimen, the 
portion on which the test has been made shall be reported. 

12. Precision and Bias 
12.1 Precision-Criteria for judging the acceptability of 

specific gravity test results obtained by this test method on 
material passing the 4.75-mm sieve are given as follows: 

12.2 Statement of Precision-Criteria for judging the 
acceptability of specific gravity test results obtained by this 
test method on material passing the 4.75 (No.4) or 2.00 mm 
(No. 10) sieve are given in Table 2. The estimates of 
precision for material passing the 2.00 mm sieve are based on 
results from the AASHTO Materials Reference Laboratory 
(AMRL) Proficiency Sample Program, of testing conducted 
on material passing the 2.00 (No. 10) sieve by this test 
method and AASHTO Test Method T100. 

12.3 Bias-There is no acceptable reference value for this 
test method; therefore, bias cannot be determined. 

13. Keywords 
13.1 soil; specific gravity 

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection 
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such 
patent rights, and the risk of infringement of such rights, are entirely their own responsibility. 

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and 
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards 
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible 
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your 
views known to the ASTM Committee on Standards, 1916 Race St., Philadelphia, PA 19103. 
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Suction Measurements - Filter Paper and Chilled Mirror Psychrometer 

Rifat Bulue, Ph.D., Saad M. Hineidi2
, P.E., and Bruce Bailey3, Ph.D., P.E. 

Abstract 
In this paper, two soil suction measurement techniques are compared: the filter paper 

method and a chilled mirror psychrometer technique. With the filter paper method, both total 
and matric suction measurements are possible; however, with the chilled mirror psychrometer 
technique only total suction measurements can be made. Since the chilled mirror psychrometer 
can only infer total suction, the comparison is based on this component of suction. Soil suction 
is one of the stress state variables describing the behavior of unsaturated soils. Soil suction has 
found its applications in all branches of unsaturated soil mechanics, from volume change 
predictions of expansive soils to slope stability problems. For the filter paper method a 
calibration curve was developed using Schleicher and Schuell No. 589-WH filter papers and 
NaCI salt solutions. Initially dry filter papers were equilibrated with the vapor pressures 
developed above the salt solutions in closed containers at 25°C temperature. A water bath was 
employed for this purpose to attain a constant temperature environment, in which temperature 
fluctuations did not exceed to.2°e. A total suction (or osmotic suction) versus relative humidity 
relationship was obtained with the chilled mirror psychrometer employing the same salt solutions 
used in the filter paper calibration. From the calibration data, the capabilities and limitations of 
the two methods were analyzed. 

Introduction 
In recent years, there have been tremendous improvements in theoretical approaches and 

experimental studies of the behavior of unsaturated soils. After soil suction was proven to be a 
stress state variable in unsaturated soil mechanics, its measurement for engineering applications 
has become very important. Soil suction is one of the most important parameters describing the 
moisture stress condition of unsaturated soils. For many cases, soils are unsaturated and behave 
quite differently from that predicted by saturated soil mechanics theory. Soil suction and 
positi ve pore water pressure are two similar important parameters in regard to describing the 
behavior of unsaturated and saturated soils, respectively (Houston et al. 1994). The initial and 
final soil suction profiles within the active zone provide valuable information for many 
engineering applications. These profiles can be obtained with reasonable accuracy with reliable 
soil suction measurement techniques. 

'Geotechnical Engineer, Fugro South, Inc., 2880 Virgo Lane, Dallas, TX 75229, Phone: 972-484-8301, 
Fax: 972-620-7328, E-mail: rbulut@fugro.com 
2Senior Vice President, Fugro South, Inc., 2880 Virgo Lane, Dallas, TX 75229, Phone: 972-484-8301, 
Fax: 972-620-7328, E-mail: shineidi@fugro.com 
3Director of Engineering Services, Fugro South, Inc., 2880 Virgo Lane, Dallas, TX 75229, Phone: 972-
484-8301, Fax: 972-620-7328, E-mail: bbailey@fugro.com 
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There are many different methods of measuring soil suction, some of which have been in 
practice for many years. However, each of these methods has shortcomings with regard to one 
or more aspects, such as the range of application, cost, reliability, and practicality. Among 
suction measurement methods, the filter paper and psychrometer techniques are the two most 
commonly used. The filter paper method and the psychrometer technique can be used 
confidently if the basic principles of the methods are understood and a well-maintained 
laboratory procedure is followed. There are several different types of psychrometers available 
for suction measurements and in this study the new dewpoint chilled mirror psychrometer [or its 
product name WP4 Dewpoint PotentiaMeter, developed by Decagon Devices, Inc. (Decagon 
Devices, Inc. 1999)] is described. 

With the filter paper method, both total and matric suction measurements are possible; 
however, with the chilled mirror psychrometer only total suction measurements can be made. 
The working principle behind the filter paper method is simply that the filter paper will come to 
a moisture equilibrium with the soil either through vapor flow or liquid flow. At eqUilibrium, the 
suction value of the filter paper and the soil will be the same. If the filter paper is allowed to 
absorb water through vapor flow (no contact between the filter paper and soil), then only total 
suction is measured. However, if the filter paper is allowed to absorb water through fluid flow 
(contact between the filter paper and soil), then only matric suction is measured. The chilled 
mirror psychrometer, on the other hand, can only infer total suction by measuring the relative 
humidity in a small chamber in which the free energy of the relative humidity in the chamber is 
in thermodynamic equilibrium with the free energy of the soil water. 

Soil Suction 
Soil suction can simply be described as a measure of the ability of a soil to attract and hold 

water. In geotechnical engineering practice, soil suction is composed of two components: matric 
and osmotic suction. Matric suction comes from the capillarity, texture, and surface adsorptive 
forces of the soil. Osmotic suction arises from the dissolved salts contained in the soil water. 
The sum of the matric and osmotic suction is called the total suction, which is given as: 

(1) 

where ht is the total suction, hm is the matric suction, and h7i is the osmotic suction. Soil suction 
can also be defined in terms of the free energy state of soil water using the principles of 
thermodynamics. Depending on the field of application, suction has several different names 
such as water potential, free energy of water, chemical potential of water. If it is assumed that 
the water vapor pressures are in a range in which the ideal gas law is valid, then the free energy 
of soil water can be calculated using water vapor pressure measurements (Edlefsen and 
Anderson 1943). Free energy always has the same value in water and its vapor phase when they 
are in thermodynamic eqUilibrium with each other. In other words, the free energy of the water 
vapor above a water surface is equal to the free energy of the water itself. The thermodynamic 
relationship, or Kelvin's equation, describing total suction (or free energy of water) can be 
written as: 

h = RT In(~) 
t V P 

o 

(2) 
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where ht is the total suction, R is the universal gas constant, T is the absolute temperature, V is the 
molar volume of water, PIPo is the relative humidity, P is the partial pressure of pore water 
vapor, and Po is the saturation pressure of water vapor over a flat surface of pure water at the 
same temperature. 

Soil suction has usually been represented in pF units (Schofield 1935) (i.e., suction in pF = 
logio (suction in cm of water)). Soil suction is also currently being represented in log kPa unit 
system (Fredlund and Rahardjo 1993) (i.e., suction in log kPa = lOgiO (suction in kPa)). The 
relationship between these two systems of units is approximately log kPa = pF -1. 

Filter Paper Method 
The filter paper method is an indirect laboratory test method for soil suction measurements. 

This method has several advantages over other suction measurement devices. It is an 
inexpensive and relatively simple laboratory test method and also the only method from which 
both total and matric suction can be inferred. It is also the only method that can cover the whole 
suction range. However, about one week is required to reach a satisfying suction equilibrium 
condition. In the filter paper method, the soil specimen and filter paper are brought to 
eqUilibrium either in a contact (matric suction measurement) or not in a contact (total suction 
measurement) manner in a constant temperature environment. After equilibrium is established 
between the filter paper and soil, the water content of the filter paper disc is measured. Then, by 
using an appropriate filter paper water content versus suction calibration curve, the 
corresponding suction value is estimated. 

It is very important that all the items related to the filter paper testing are cleaned carefully 
before commencing the filter paper suction measurements. It is strongly suggested that latex 
gloves and tweezers are used to handle the materials in nearly all steps of the experiment. A 
detailed description of the experimental procedure for the filter paper calibration testing and soil 
suction measurements can be found in Bulut et al. (2001). The filter paper method can be a very 
reliable soil suction measurement technique if the basic principles of the method are understood 
and strictly-practiced laboratory procedures are carefully followed, such as prescribed by Lee 
(1991), ASTM D 5298-94 (1994), and Bulut et al. (2001). 

Calibration of Filter Papers 
In this study, a wetting filter paper calibration curve was constructed using NaCl salt 

solutions and Schleicher & Schuell No. 589-WH filter papers. It is important to note that 
calibration curves are unique for each type of filter paper and that only calibration curves for a 
particular filter paper can be used to infer soil suction from these papers. The wetting filter paper 
calibration curve using salt solutions is based upon the thermodynamic relationship between 
osmotic suction and the water activity or relative humidity resulting from a specific 
concentration of salt in solution. For the wetting calibration curve developed in this study, 
sodium chloride solutions were prepared to cover the practical range of suction interest. 
Distilled water was used to achieve the saturation condition for zero total suction measurements. 
Then, two Schleicher and Schuell No. 589-WH filter papers were simply placed in a non-contact 
manner above salt solutions of various molality and distilled water and sealed in an airtight 
container. After sealing, the whole apparatus was put in a constant temperature environment of 
25°C for equilibrium. Temperature fluctuations were kept as low as possible during a three
week equilibrium period. A water bath was employed for this purpose and measured 
temperature fluctuations did not exceed ± 0.2°C. After the equilibration time the filter paper 
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water content was measured as quickly and accurately as possible. Finally, the total suction is 
plotted versus filter paper water content to obtain the wetting calibration curve, which is given in 
Fig. 1. From the figure, the sensitivity of the filter paper water content and total suction 
relationship can be seen clearly at very low suction values. 
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Fig. 1. Total Suction Calibration Curve. 

The dramatic decrease in total suction at high water contents depends on the natural 
logarithmic function in Kelvin's equation (i.e., Eq. 2) and the use of the base ten logarithmic 
scale for total suction (Bulut et al. 2001). The sensitivity of suction with very small changes in 
the filter paper water content at low suction levels can also be described with the relative 
humidity and osmotic suction relationship of a salt solution. Table 1 gives water activity and 
osmotic suction relationship for sodium sulfate solutions at low suction levels. As it is seen from 
Table 1, within the suction sensitivity range, the change in relative humidity is only at fourth 
decimal points up to a suction level of about 3 pF. In other words, very small, minor changes in 
relative humidity result in very large changes in suction. 

Chilled Mirror Psychrometer Technique 
The WP4 instrument also makes use of the water activity or relative humidity measurements 

to infer suction. In that sense, the principles behind using the wetting filter calibration curve for 
total suction measurements and using the WP4 device are very similar. The chilled mirror 
sensors in the WP4 instrument are fundamental in their method of operation. A small polished 
metal mirror is cooled by a solid state Peltier thermoelectric heat pump until it reaches the 
dewpoint of the air within the enclosed chamber. The dewpoint of an air volume sample is the 
temperature at which the water vapor in the air condenses. When this temperature has been 
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reached, condensation will begin to form on the mirror surface. The presence of condensation is 
detected by the reflection of an infrared light off the surface of the mirror. 

Table 1. Relative Humidity and Osmotic Suction Properties of Na2S04 at 25°C. 

Molality 
Relative Osmotic 
Humidity Suction 

(m) 
(PIPo) hn (kPa) 

0.001 0.999948 7.134 

0.002 0.999898 13.993 

0.003 0.999848 20.853 

0.004 0.999799 27.576 

0.005 0.999751 34.163 

0.006 0.999703 40.749 

0.007 0.999656 47.199 

0.008 0.999609 53.649 

0.009 0.999562 60.099 

0.010 0.999516 66.412 

0.020 0.999063 128.600 

0.030 0.998626 188.618 
Reference: Goldberg, R. N. 1981. 
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The capacity of an air sample to absorb water vapor depends on temperature. A hotter air 
can hold more water vapor. An air sample holding the maximum amount of water for a given 
temperature is said to be saturated. An unsaturated air sample will eventually become saturated 
as the temperature falls. Beyond that, excess water vapor will condense to form dew or frost. At 
dewpoint, the partial water vapor pressure in air equals the water vapor saturation pressure. 
Since the correlation between water vapor saturation pressure and temperature is known, the 
relative humidity can be calculated from the measured temperature and the dewpoint. The WP4 
instrument makes use of the dewpoint measurements to calculate the relative humidity in a 
closed chamber. Then, Eq. 2 is used to calculate total suction. A detailed description of the 
WP4 chilled mirror device and its working principle can be found in Decagon Devices, Inc. 
(1999). 

WP4 Suction Characteristic Curve 
A characteristic curve was obtained for the WP4 device using the same NaCI salt solutions 

that were used in the calibration of filter papers as described in previous sections. The osmotic 
suction values of the sodium chloride salt solutions at various molalities are shown in Table 2. 
The osmotic suctions in Table 2 are calculated using the following equation (Bulut et al. 2001): 

(3) 
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where h" is the osmotic suction, v is the number of ions from one molecule of salt (i.e., v = 2 for 
NaCI and KCI), R is the universal gas constant, T is the absolute temperature, m is the molality, 
and <I> is the osmotic coefficient. 

Table 2. Osmotic Properties of NaCl at 25°C. 

Molality 
Osmotic Osmotic Osmotic 

Coefficient Suction Suction 
(m) 

(<I» h,,(kPa) h,,(pF) 

0.000 1.00000 0.00 0.00 

0.002 0.98402 9.76 2.00 

0.005 0.97604 24.20 2.39 
0.010 0.96804 47.99 2.69 
0.020 0.95832 95.02 2.99 
0.050 0.94357 233.90 3.38 
0.100 0.93250 462.32 3.67 
0.200 0.92387 916.08 3.97 
0.300 0.92123 1370.19 4.15 
0.500 0.92224 2286.15 4.37 
0.700 0.92691 3216.82 4.52 
0.900 0.93350 4165.31 4.63 
1.200 0.94567 5626.15 4.76 
1.600 0.96487 7653.84 4.89 
2.200 0.99818 10887.35 5.05 
2.600 1.02263 13182.03 5.13 
3.000 1.04848 15594.52 5.20 

Note: At the same 25°C temperature, the osmotic coefficient and osmotic 
suction for 0.5 Molality KCI: <I> = 0.900, h,,= 2231.02 kPa = 3.3485 log kPa 
References: Hamer and Wu 1972, Bulut et al. 2001. 

The relationship between the sodium chloride salt solution concentrations and obtained 
osmotic suction values are depicted in Fig. 2. In order to see and interpret the sensitivity portion 
of the characteristic curve more clearly, Fig. 3 is developed from Fig. 2 by magnifying the lower 
portion of Fig. 2 between salt solution molality of 0.0 and 0.5. As it is seen from Fig. 3, once 
suction falls below about 4 pF the scatter in suction data increases. The WP4 chilled mirror 
psychrometer is very reliable for suction measurements above about 4 pF; however, below about 
4 pF suction measurements caution should be exercised in interpreting the data. Suction 
measurements below 3 pF, as also suggested by Wacker (2002), should be considered as error. 
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The WP4 is a nice, compact and very easy to use total suction measuring device. Its 
response time is very quick. It measures total suction between about 5 to 7 minutes. 
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Soil Suction Measurements 
Soil suction measurements were performed on the same soil samples using the filter paper 

method and the WP4 chilled mirror instrument. The results are summarized in Table 3 for the 
soil samples that were tested at high water contents (or low suction range) and in Table 4 for the 
soil samples that were tested at low water contents (or high suction range). As expected, based 
on the filter paper calibration curve and the WP4 characteristic relationship, there is scatter in 
data at low suction ranges. However, when compared with the WP4 results, the filter paper 
measurements are more consistent (Table 3). The two methods result in a good correlation of 
total suction measurements for the dry soil samples (Table 4). 

Table 3. Soil Total Suction Measurements at Low Suction Range with the Filter Paper Method 
and WP4 Device. 

Total Suction (pF) [log kPa == pF - 1] 

Soil Sample 
Filter Paper WP4 

Soil Sample 
Filter Paper WP4 

No. No. 

1 3.36 3.57 5 3.34 3.40 
1* 3.22 3.00 5* 3.44 3.07 

2 3.38 2.86 6 3.56 3.49 
2* 3.28 3.46 6* 3.42 3.25 

3 3.30 3.25 7 3.43 3.00 
3* 3.37 3.32 7* 3.56 3.31 

4 3.41 3.29 8 3.54 1.79 
4* 3.30 3.56 8* 3.48 3.49 

*Suctlon sample from the same I-foot bonng soil sample. 

Table 4. Soil Total Suction Measurements at Low Suction Range with the Filter Paper Method 
and WP4 Device. 

Total Suction (pF) 

Soil Sample 
Filter Paper WP4 No. 

A 5.47 5.41 

B 5.10 5.02 

C 5.16 5.23 

D 5.42 5.32 

E 5.20 5.23 
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Discussion 
As it can be seen from the filter paper calibration curve and the characteristic relationship 

for the WP4 device, at high water contents (i.e., in low suction range) suction becomes very 
sensitive to very small changes in relative humidity (or degree of saturation or filter paper water 
content). However, the degree of error associated with the WP4 psychrometer is higher than 
with the filter paper method. Although, the theoretical relationship (i.e., Kelvin's equation) 
between the two methods are the same and depends on water vapor pressure measurements it 
appears that the filter papers are somehow suppressing the error at low suction values down to 
about 2.5 pF, and then there is almost a sudden drop in suction with a very small change in filter 
paper water content. Therefore, it is necessary to mention that it is this narrow range of relative 
humidity that most total suction inferring devices are affected by minor temperature fluctuations. 
The reason for the scattering of data at high degrees of saturation is likely because at very low 
suction values at even very small temperature fluctuations there are alternating condensations 
and evaporations during equilibrium. 

During total suction testing, temperature fluctuations result in alternating condensations and 
evaporations; therefore, the fluctuations need to be minimal and certainly less than ± 1°C. Good 
laboratory protocol procedures become of paramount importance in soil suction measurements. 
The filter paper method and the chilled mirror dewpoint technique are the two commonly 
employed suction measuring methods in current geotechnical engineering practice. Both 
techniques can be very reliable and dependable if the basic working principles of the methods are 
understood and a well-maintained laboratory protocol is strictly followed. 
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Clay, to about 65 kPa for the 30170% London Clay/ sand mixture, which had 
a liquid limit of 24%. 
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The Transistor Psychrometer 

A New Instrument for Measuring Soil Suction 

John A.Woodburnl, James C. Holden2 and Paul Peter3 

Th~ transistorysychrometer is the latest instrument available for the measurement of soil 
mOIsture suctIOn. It h.as been developed ov~r a. numbe.r of years and is very similar in 
operatIon to the thermIstor psychrometer w~lch It effectIvely replaces. Improvements in 
perfo.rman~e ha~e been made and t~e latest Instrume~t .can measure a much wider range 
of soil suc!J(;ms I~ a much shorter time. Much of this Improvement is due to extensive 
wor~ on calIbratIOn procedures which have determined many of the characteristics of 
the I~~tru~ent.. ~t IS also due to a~vances in micro-chip technology which allow 
amplIfIcatIOn WIthin the probe of the signal generated by the temperature depression of a 
water drop attached to a transistor. 

Perhaps the greatest improvement, and the one that sets this instrument apart from any 
ot~e.rs measuring soil suction, is that the analogue output can be read by a standard 
mIllIv?ltmeter or ~ogge? by any millivolt data logger. The latter allows the storage, 
reductIOn ~nd m~mpulat!on of ~he data to be carried out by a Pc. Plotting of the output 
can ~e achieved In real time, WIth a logger designed for the instrument and a colour dot 
matnx pnnter. These advances have enabled the psychrometer to take its place in the 
modern soil mechanics laboratory. 

Introduction 

Development of the transistor psychrometer has taken place in several stages over the 
past 10 years. I~ has now p~ogressed to the stage where it is being m~mufactured under 
an agreement With CSIRO In AustralIa and is being used in a number of laboratories 
around the world. 

1 Principal, Woodburn Associates, Consulting Geotechnical Engineers Adelaide 
South Australia ' , 
2 Principal Research Engineer, VIC ROADS, Melbourne Victoria Australia 
3 Principal Experimental Scientist, CSIRO, Division of Soils Addlaide South· 
Australia ' , 
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The initial concept and working models of transistor probes were made by Paul Peter of 
CSIRO in the mid-1980s. This followed earlier work using thermistors as temperature 
sensors to measure the temperature depression of the electronic equivalent of a wet bulb 
thermometer. When that research ceased, the manufacturing rights were granted to 
John Woodburn of Soil Mechanics Instrumentation (SMI) and that organisation carried 
out further work and development of the probe to the stage where prototype instrume~ts 
were produced. Dr. Jim Holden and his research group at Vic Roads (an AustralIan 
State Road Authority) then used one of the prototype instruments to develop standard 
operating procedures which gave a high degree of reproducibility in the results. 

Work on the new type of psychrometer began when it became apparent that with 
microchip technology, a probe using transistors as heat sensors could be used .for 
measuring relative humidity. As now developed the probe of the psychrometer CO~SIStS 
of a "wet "and "dry" transistor with the temperature depression of the wet transIstor 
measured and amplified within the probe. The analogue output for most soIl testm~ has 
been adjusted to lie within the range 6 to 500 millivolts representing soil suctIOns 
between pF 3.0 and about pF 5.0. For conventional use the instrument is calibrated to 
pF 5.0 but may be calibrated to higher suctions using special procedures. 

The accuracy of the instrument is dependent on the degree of ambient temperature 
control during the period oj;, the test. For this reason the pro~es are inserted into a 
thermally insulated bath. This ensures that the probes and specImens remam at a near 
constant temperature during the period of anyone test. As t~e. probes are affected by 
room air temperature changes, greater accuracy and reproducIbIlIty of results IS obtamed 
within a room controlled to about ± 0.5° C. The degree of accuracy and reproducibility 
for soil suctions above pF 3.5 with this degree of temperature control and special 
operating procedures is close to ± 0.02 pF. Using standard operating procedures an 
accuracy of ± 0.05 pF is easily obtained. 

When testing soil samples the time allowed for a test is the same as that allowed for 
calibration of the probes. At the present time this has been. fixed at one hour. However 
indications are that this time for testing can be reduced WIlhout loss of accuracy. For 
most engineering purposes, an accuracy of ± 0.05 pF is all that is required. This order 
of accuracy allows room air temperature changes as high as ± 1.5°C to occur during the 
period of the test when testing soils above pF 4.0. 

Current Techniques for Soil Suction Measurement 

A number of techniques are available for soil suction measurement in the laboratory and 
these have been recently reviewed (Nelson and Miller, 1992). There are problems with 
many of the techniques due to la~k of r~nge. length of time required for equilibrium and 
their ability to measure only matnx suctIOn. 

Soil suction measurement is now recognised as one of the series of tests available to the 
geotechnical engineer practis!ng in the fiel.d of expansiv~ soils and Standard.s are 
available in at least two countnes. The technIques currently m use have been avaIlable 
for many years (between 20 and 40) and have not really ~dv~nced in .that time. This 
contrasts with present day laboratory procedures used for tnaxlal, swellmgyressure and 
oedometer testing which use computer driven equipment for accurate mOnItonng of the 
test, the reduction of the results and the storage of data. 
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Psychrometric Technique 

This technique is widely used in Australia where there is a Standard (AS 1289.2.2.1-
1992) governing the test procedure. The most commonly used instrument is the 
Wescor Dew Point Microvoltmeter which is used with the C-51 sample chamber. The 
equipment is expensive in Australia, prone to damage in inexperienced hands and has an 
upper limit of about pF 4.5. This is often too low for testing soils sampled at the end of 
a drying cycle in semi-arid and arid areas. The sample chamber can suffer from 
problems with contamination of the thermocouple and subsequent corrosion unless care 
and periodic cleaning is carried out. 

Filter Paper Technique 

This technique has been adopted widely in the past few years and an American Standard 
(ASTM, 1990) is currently at the review stage. The technique has been available for 
many years but has recently undergone a revival with the advent of cheaper, more 
accurate balances and extensive work by a number of researchers. It is doubtful that the 
cost of a test is no more than that of a moisture content test as reported by McKeen 
(1992) because in addition to the moisture content determination involving 
measurements to O.OOOlgm., it is a time consuming test. Monitoring of the filter paper 
weight over a period of at least a week may be required to ensure equilibrium has been 
reached and great care must be taken to ensure no moisture loss occurs prior to 
weighing. The technique is useful in that it has the ability to measure both matrix and 
total suction although with the latter a stable temperature environment must be provided 
as moisture transfer has to occur in the vapour phase. Consequently even longer times 
may be required for equilibrium to occur and great care must be taken to ensure that 
condensation inside the chamber does not affect the filter paper. 

Development of the Transistor Psvchrometer 

Suction/Relative Humidity Relationships 

A psychrometer is an instrument which measures relative vapour pressure or relative 
humidity. Relative humidity is related to soil moisture suction in accordance with the 
relationship: 

s = Log( 1.284657 x 106 + 4.703 t) x Ln( HIlOO)] 

where s = suction in pF 
t = temperature in °C 
H = relative humidity specified as a percentage 

This equation provides an indication of the change in suction with temperature and 
relative humidity (Table 1). When plotted for 20°C it gives the well known curve 
shown in Figure l(a). As the most relevant part of this curve to engineers and scientists 
interested in the flow of moisture in soils lies above 95% relative humidity, an 
enlargement of the upper part is shown -Figure l(b). What this enlargement shows, 
and what is often not appreciated is that any instrument using psychrometric techniques 
must be able to measure relative humidities up to 99.9%. It must also be able to 
differentiate between relative humidity changes of about 0.02% at pF 3.0 (ie a suction 
change of 0.1 pF). This represents a temperature depression of 0.002 °C for the wetted 
sensor in a pair used in a similar way to a wet and dry bulb thermometer. 
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SUCTION vs RELATIVE HUMIDITY AND TEMPERATURE 

SUCTION DISPLAYED IN pF 

RELATIVE TEMPERATURE (DEGREES CENTIGRADE) 

HUMIDITY , 
351 15

1 
20 ! 25 30 I 40 

(%) 
I 

3.13~ ! 3.139 1 
3.147 3:154 3.161 3.168 

:::1 3.839 3.847 3.854 3.861 3.868 
3.

832
1 4.134 4.141

1 
4.149 4.156 4.163 4.170 

99.00 
4.326 ! 4.333 4.340 4.347 

98.50 1:!~i 1 
4.319 
4.4451 4.4521 4.459 4.466 4.473 

98.00 
4.535 i 4.5431 4.5501 4.557 4.564 4.571 

97.50 
97.001 4.615 1 4.6231 4.630 I 4.638 4.645. 4.652 

4.6981 4.706 
4.

713
1 

4.720 
96.50\ 4.6841 4.6911 

4.7571 4.765 4.772 4.779 
96.00 4.743 i 4.750 I 

4.7951 4.802 4.810 I 4.817 4.824 4.831 
95.50 1 4.871 1 4.878 
95.00 4.842! 4.8491 4.8571 4.864 i 

94.501 4.884 i 4.892 ! 4.8991 4.9061 4.9141 4.921 
4.9521 4.959 

94.001 4.9231 4.9311 4.9381 4.945 i 
4.967; 4.974 i 4.981 : 4.9881 4.995 

93.501 

" 
4jJ59 1 

5.000 i 5.0071 5.015 \ 5.0221 5.029 
93.001 ' 4.9931 5.053 i 5.060 
92.501 5.0241 5.031 i 5.0381 5.046 : 

5.089 
92.001 5.053 i 5.060 \ 5.0681 5.075, 5.082 ! 

5.1101 5.116 
91.50j 5.080 ! 5.0881 5.0951 5.102 ! 

5.106 1 ~:~~: i 5.1211 5.128 : 5.135 i 5.142 
91.001 5.1481 5.153 1 5.160 I 5.167 
90.50 5.131 5.191 

5.1541 5.162! 
5.

169
1 

5.li/7, 5.184 
90.001 5.199 1 5.206 1 

5.213 
89.50 

5.

1771 5.184 1 
5.192 

5.206 5.213 5.2201 5.227 5.234 
89.00\ 5.198 5.2481 

5.226\ 5.234\ 
5.241 ! 5.255 

88.50 5.219 
5.260 I 5.268 1 

5.275 
88.00il 5.238 5.246 5.253. 

Table I-Suction vs Relative Humidity and Temperature 
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There are a number of electrical components which are temperature sensitive and which 
can be used to measure temperature changes of this order. Some of these components 
register the very small temperature changes in micro-volts (thermocouples and 
thermistors) while others can utilise a higher voltage source and register outputs in the 
millivolt range (transistors and the latest range of temperature sensors). 

Transistors as the Sensing Device 

The eSIRO has been actively engaged in the investigation of soil suction techniques for 
many years and early work on psychrometers was carried out in the 1960's using 
thermistors. With those sensors it was found that for reasonable accuracy and 
reproducibility of results the test had to be carried out in a room controlled to ± 0.5 °e 
with a constant temperature bath controlled to ± 0.001 °C (Richards, 1965). It was also 
found that there was a need to accurately control the water drop size on the "wet bulb" 
sensor. 

The idea of using transistors instead of thermistors as the temperature sensors in the 
psychrometer probes was first conceived by the Soil Engineering Group of the eSIRO, 
Division of Soils in 1984. This was partly influenced by the fact that matched pairs of 
thermistors were expensive, each probe needed its own power supply (1.35V mercury 
cell), the glass sheathing enclosing the temperature sensitive element was fragile and 
therefore more easily damaged and they also deteriorated with time. On the other hand 
transistors and integrated circuits (operational-amplifiers) were relatively cheap, robust 
and reliable. Advances in technology had also improved the characteristics of op-amps 
at that time to the extent that it was both economical and feasible to use individual op
amps in each probe. 

In the final development of the transistor psychrometer the two transistors (temperature 
sensors), the operational amplifier and other associated components were mounted on a 
printed circuit board designed to fit into the shaft of the probe (Figure 2). This ensured 
that with the probes placed in the thermally insulated bath, the components in the probe 
were buffered from temperature changes occurring in the laboratory environment 
(Figure 3). The transistors and other components that make up each probe are carefully 
chosen and matched to circuit requirements. Silicon NPN type transistors are used 
which have a nominal base-emitter temperature coefficient of 2 millivolts/oC. This 
signal is amplified approximately 1000 fold with the aid of a high input impedance 
operational amplifier, giving an output from the probe of 2 volts/°C. Output voltages of 
this order can be readily monitored with a number of devices ranging from digital 
voltmeters and pen recorders to data loggers. 

Operating Procedures and Accuracv 

Prototypes of the transistor psychrometers have now been in use in the Vic Roads and 
eSIRO laboratories for several years. During this time a number of techniques for 
calibrating the psychrometer and testing soil specimens have been examined. Specific 
procedures and conditions have now been established which provide a high order of 
accuracy (i.e. up to ± 0.02 pF) in suctions over about pF 3.5. However, it has been 
found that an adequate degree of accuracy for most engineering purposes can be 
achieved using less stringent procedures and conditions. 
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Figure 3-The Probe and Thermally Insulated Container 
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Calibration 

Calibration of the transistor psychrometer is required because the output from the 
instrument is in millivolts which must be converted to a suction value if the instrument 
is to be used for the suction testing of soil specimens. The procedure, described in 
detail by Dimos (1991), is similar to the calibration of other psychrometric instruments 
and involves the use of standard salt solutions prepared to give equivalent relative 
humidities between pF 3.0 and pF 5.0. Before calibrating, the probes are zeroed with a 
pF 2.0 solution, A typical calibration line for a probe is shown in Figure 4, 

5.50 -r--------------,--______ _ 
PROBE 9 - Cal.1:Apr,91 

5.00 +---+----------+--------iw::.-l 

4.50 

4.00 +---+-------->P.!I::...--+---------l 

3.50 

5 (I ? a 9 

10 
.. ::.. e 76 9 

100 
log(mV) 

CXX=set 2 
00000 set 3 
~set 4 
xxxxx set 8 

.. ~ e 7 

Figure 4-Calibralion Line of Transistor Psychrometer Probe 

The calibration line is affected to some extent by changes in the room or bath 
temperature, the drop shape and the size of the gap between the drop and soil surface, 
although these factors may only be critical when very high orders of accuracy are being 
achieved, Other factors are also thought to influence the calibration and it is for this 
reason that standard calibration procedures have been established. 

Prior to calibrating and any other form of suction testing the probes must be zeroed or 
located on the calibration line using standard salt solutions. Early work on calibration 
techniques used distilled water for this purpose (H=100%) but after much work and 
finally dispensing with free liquids because of contamination problems, impregnated 
filter papers were accepted for both zeroing and calibration. When the testing program 
allows zeroing to be carried out overnight, filter papers impregnated with pF2,Q 
solution (H=99,99%) are used. Even this very high relative humidity gives a small 
positive output from the probe giving a more definite "zero" reading 

Calibration of the probes is carried out using the PVC caps (Figure 3) which hold the 
filter paper discs impregnated with standard salt solutions. Before calibrating the 
probes, each tip must be cleaned with distilled water and inspected to ensure that the 
sleeve on the 'wet' transistor is at the specified height to hold the water drop (Figure 2). 
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Each calibration cap is prepared by placing a two-layer d!sc of filter paper, ISmm 
diameter in the base. The filter paper is then saturated usmg 3 drops of pF 2.0 salt 
solution and the cap sealed with a rubber stopper until all have been p~epared. The caps 
are then placed on the end of each probe in turn ~d ~arefully mserted l~tO t~,e thermally 
insulated bath, after placing a standard drop of dlshlled wate.r .on. the wet transistor. 
At this low suction the probes require many hours to reach eqU1hbn~m and ar~ ge!1erally 
allowed to run overnight. In the morning the probe~ are zeroed pnor to begmmng the 
calibration which follows the same procedure outhned above, but usmg pF 3.0, 3.S, 
4.0, 4.S and S.O solutions in turn. For each stage the data IS collected for .one hour. 
This has been found an adequate time for equilibrium to occur and to obtam a result 
(Dimos,I99I). 

For each calibration test using a particular concentration of. salt solution a gra]?h of 
millivolts versus time is obtained. The equilibrium value obtamed after one hour IS the 
value used for the calibration line. At the completion of a set of tests using the range of 
standard solutions, a calibration line of pF versus log millivolts can be p~oduced for 
each probe. This entire procedure can be conducted 10 a norm~1 workmg day but 
should be repeated at least two times initially to ensure that the cahbr~l1ons have been 
canied out correctly. When a number of sets of results have been obta1Oed, an average 
calibration line can be detennined for each probe. 

Check calibrations should also be conducted at regular intervals once .the psychrometer 
is in use with the maximum recorn..mended period between them bel!1g ~ months .. A 
calibration check should also be carried out imm~dia~ely bef<;Jre soli testmg If a very high 
degree of accuracy is required. A c.alibration Ime IS supphed for each probe With the 
equipment and the calibrations obtamed soon after recelVlng the equipment should be 
compared with these. 

Preparation of soil specimens • 

Soil samples are usually obtained in sample tubes during auger drilling in the field .. In 
the laboratory a hydraul~c jack is us~d to push the sample out of the .tu.be.after.removmg 
the seals. When prepanng the specimens care must be taken to mlmmlse exposure of 
the soil to the atmosphere. 

About Smm is shaved off the end of the sample to ensure that the specim~ns tested are 
not contaminated or dried out. A 10mm high sample nng (With the sa~e diameter as. the 
sample tube) is placed on top of the sample tube .and ~he sample Jacked up untll It 
protrudes about Imm above the sample ring. At th~s pomt the nn~ls released and ~he 
sample jacked again until there is abo.ut Smm sh?wmg. below the nng. A sample shce 
including the ring is then cut off and tnmmed to nng height. 

At least two specimens should be obtained from ~ach slice I<;J allow for camparisan and 
averaging of the results. Each specimen sam pi 109 tube (FI~ure 3) IS pushed m~o the 
sample slice either by hand or using a small press. Theposillon of the specimen 10 the 
specimen tube is then adjusted accurately usmg a specm~en spac~r. End plugs which 
have also been specially made for each of the probes are mserted 10 the bottam end of 
the tube to keep the specimen in position. Rubber ~toppers are Inserted In the .other end 
of the specimen tube to eliminate anx pOSSible mOisture lass. When all specimens are 
prepared they are immediately placed 10 the constant temperature room or laboratory and 
allowed to stand for at least half an hour to reach temperature eqll1hbnum and to 
humidify the atmosphere within the specimen tube. 
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Testing of soil specimens 

BefoTe testing the specimens t~e probes ~ust b~ stabilised overnight using pF 2.0 salt 
solutIOn. They are then zeroed 10 the morn1Og pnor to placing the soil specimens. After 
removal of the prob.e and the pF 2.0 solution cap, the soil specimens are placed on the 
end ?f each probe 10 turn and the probes returned to the thermally insulated bath. 
Mo~ltonng or the output then continues for at least one hour or until the graph of 
mllhvol~s vs time reac.hes .constant o~tput.This &ives a ~illivolt value for each probe. 
From thiS the SOli suctIOn 10 the specimen IS obtamed usmg the average calibration line 
for the probe. 

If ~ore than one set of specimens are to be tested in one day then it is important that wet 
~Oll samples are tested before the dry samples to avoid a hystereSis effect. When testing 
IS complete the probes are dned, a new water drop added and stabilised overnight on pF 
2.0 solution ready for testing the next day. 

If .results t? ± 0:02 pF are required then further conditioning of the probes is required 
pnor to sod testmg by runmng the psychrometer with a solution of pF 3.0 for one hour. 
If the Soil. samples are likely to have a soil suction above pF 3.S, the probes should also 
~e conditioned for a further hour With pF 3.S solution. This conditioning is necessary 
lnorder to remove or measure the effects of drift prior to carrying out the test. This 
dnft can be compensate~ at the reduction stageDf ~he results or eliminated by comparing 
the. mli~lvol.t value obtamed dunng the conditIOning stage with that obtained from the 
cahbratlOn lme and re-settlng the output accordingly. 

Time for Equilibrium 

When calibrating, the value after one hour is recorded as it is usual that a constant or 
near. co~stant reading has been achieved in that time. When testing soil specimens'the 
readmg IS also taken after one hour although a longer time may sometimes be required 
for equilibration. 

Temperature Control 

The output from the probes varies with the temperature of the probes and these 
temperature changes are manifested as a drift in the output record. For this reason there 
must be a good degree of ambient temperature control during the period of the test. The 
purpose of the thermally insulated bath is to hold the body of the probes at a near 
constant temperature during the ho\Jr that the test is run. However because the head of 
the probe is outside the bath the probes can still be affected by room air temperature 
changes which produce temperature gradients along the probe shaft. It has been found 
that the greatest accuracy and reproducibility of results is achieved with the room 
temperature controlled to ±O.SOC. 

Th~ latest ver.sion ,?f the transistor psychrometer is portable, contains 8 probes and has 
an Insulated hd which can be closed after inserting the probes. This assists in keeping 
the heads of the probes at a constant temperature during the period of the test. 

Accuracy 

With. good laboratory temperature control and the current operating procedures the 
transistor psychrometer is capable of measuring the total suction of a soil in the range of 
at least pF3.0 to pFS.O with an accuracy of about ± 0.02 pF above pF3.S. This 
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accuracy is greater than that required for most engineering applications. It is much 
greater than that specified by the Australian Standard AS 1289.2.2.1 - 1992 which 
states that results below pF 3.6 should be given to ± 0.1 pF and above pF 3.6 to ± 0.05 
pF. To provide a check on the accuracy ?f th~ results and to enable an average to be 
calculated, specimens are usually tested m pairs or preferably m groups of three for 
greater accuracy. 

Output 

At least 48 specimens can be tested using the 12 probe psychroI?eter in a normal 
working day. This includes any initial conditioning of the probe.s with salt solu.tI.on~ at 
pF3.0 and 3.5 and then performing 4 runs with soil samples. Without the condltlomng 
procedures, even more samples can be tested althoug~ towar?s the end of the day the 
water drop may be depleted if most of the SOlIs are at high suctIOns. 

Test Monitoring, Reduction and Storage of Results 

There are a number of means of obtaining and reducing the results produced by the 
transistor psychrometer and three options are shown schematically in Figure 5 and 
outlined below: 

OPTION A 
psychrometer I 8 or 12 or milli-

channel voltmeter 
recorder -

OPTION B 
psychrometer I-----l 

OPTION C 
psychrometer 

Figure 5-Psychrometer Data Recording and Manipulation. 

Option 1. This system is the most si!TIple. The results are obtained as ~ direct analogue 
output from a millivoltmeter or a millivolt recorder. The res~lts obtal~ed after 1. hour 
are recorded and the soil suction reduced from the set of calibratIOn lines held m the 
laboratory. 
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Option 2. This is the system most commonly used. As supplied by SMI it consists of 
the psychrometer and data logger which has been programmed to use one of the new 
:ange of dot matrix colour printers. In the portable version the data logger is contained 
In the same thermally Insulated case as the 8 probes and provided with printer and 
RS232 ports. With both systems the user has the option of a numerical or graphical 
output of the millivolt reading. The logger is programmed to show results from -23 to 
+1000mV, i.e. up to about pF 5.5. The results can be converted to suction values 
using the calibration lines obtained for each probe. They can also be accessed by a 
386SL Notebook computer using appropriate software. 

Option 3. This is the most sophisticated of the three options. It requires a software 
package which collect~ the data, presents the results on the screen during testing and 
al!ows th~ user to mampulate.them. The~ can also be printed out in a graphical format 
With the Important values given numencally once the test is complete. One such 
package has bee~ w.ritten specifically for the Vic Roads psychrometer (VICroads 1992) 
and proVides facilities to collect and store data, enable past data to be retrieved and to 
display the data collected in a number of formats. The procedure involved in the use of 
the computer package is described in detail by Dimos (1991). . 

Discussion 

It has now been established that the transistor psychrometer is an accurate device for the 
measurement of t~e total water potential of soils. Work on the instrument is continuing 
With tests now bemg carned out on a more portable 8-channel model. It is believed that 
this will be suitable for field laboratory applications where high accuracy below about 
pF 3.75 is not required. One of the potential uses of this portable instrument lies in the 
control of the moisture condition of road fills and subgrades at the time of placement 
and compaction. These materials are often of high reactivity to moisture changes and 
should be placed at their equilibrium suction value. This would help to reduce the 
pavement cracking which often occurs with roads built on these soils. 

Another possible use of a more portable instrument is in the determination of suction 
profiles without the need for actual sampling. Indications are that the technology now 
developed can be placed within a penetrometer and suction values obtained by staging 
the probe at various levels as it is forced into the ground. This would allow a suction 
profile to be measured to a depth of at least 6 meters in a relatively short time. 

Conclusions 

During the past three years much knowledge has been gained in the operation, use and 
calibration procedures required for the transistor psychrometer. It is now regarded as a 
reliable instrument for the measurement of soil suctions to better than the order of 
accuracy required for engineering applications and the current Standards. The 
instrument should be readily accepted in the modem soils laboratory because the 
process of measurement and reduction of the results can be carried out using data 
loggers and PCs with either currently available or customised software. 
There is the potential to extend the use of the instrument to such applications as the 
placement and compaction of expansive clays at their equilibrium suction value and the 
determination of suction profiles without the need for actual sampling. Work is 
continuing on the evaluation of these applications. 
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MODELLING THE BEHAVIOUR OF COMPACTED SOILS 

E.E. Alonso(l), A. Josa(1), A. Gens (I) 

Abstract 

Predictions based on a recently developed model for unsaturated soil behaviour 
have been compared with some results of two experimental programs on compacted 
soils recently published in the literature. In both programs compacted specimens were 
subjected to loading and wetting sequences. It is shown that experimental observations 
are consistently reproduced by the model. This success has led to a simplified frame
work for compacted soil behaviour in which model parameters represent soil type and 
compaction method whereas the as compacted dry density and moulding water content 
are conveniently described by initial preconsolidation stress and water suction. 

Introd uction 

The concepts behind compaction were firmly etablished in the papers published 
by Proctor (1933) and have not experienced significant revisions. Two variables, dry 
density and compaction water content, are universally used to describe the compaction 
state of a given soil. A third component, microstructure, is also widely recognized as 
an important piece of information to explain the behaviour of compacted soil despite 
the fact that it lacks a simple quantitative descriptor to be used in practice. Field 
experience and an extensive laboratory research carried out in many parts of the world 
indicates that compacted soils may either compress (collapse) or swell when saturation 
increases. The first type of behaviour is inconsistent with the tenets of a single effective 
stress. On the other hand swelling upon wetting is strongly dependent on the particular 
sequence ofloading and wetting imposed to the specimen. These conceptual difficulties 
explain the widespread use of empirical approaches and descriptive case-oriented studies 
when the behaviour of compacted soils is analyzed. 

Two important concepts to understand the behaviour of compacted soils are the 
negative pressure (or suction in more general terms) of the pore water and the rela
tionship between water and microstructure. The significance of these concepts will be 
described in the next section. They are a key part in recent efforts of the authors to 
provide a consistent framework to describe the behaviour of partially saturated soils 
(Alonso, Gens and Hight, 1987; Alonso, Gens and Josa, 1990; Josa, Balmaceda, Gens 
and Alonso, 1992; Gens and Alonso, 1992). Compacted soils belong to this class of soils. 
In fact, most of the experimental basic research on unsaturated soils has been carried 
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DESIGN OF 
POST-TENSIONED 
SLABS-ON -GROUND 

THIRD EDITION 
POST·TENSIONING 
INSTITUTE S 
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Phoenix, Arizona 85021 
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GEOTECHNICALGEOTECHNICAL
INVESTIGATIONS ANDINVESTIGATIONS AND

REPORTSREPORTS
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DO NOT TRIVIALIZEDO NOT TRIVIALIZE
GEOTECHNICAL STUDIESGEOTECHNICAL STUDIES

• WITHOUT A CAREFULLY EXECUTED
GEOTECHNICAL INVESTIGATION, ALL
FOUNDATION DESIGN WORK IS EITHER
OVER-DESIGNED OR UNDER-DESIGNED
AND GENERALLY ONLY HIGH PRICED
DRAFTING BASED ON GUESSWORK.  MUCH
OF THE HARD THINKING AND JUDGEMENT
NEEDED FOR GOOD DESIGN IS SQUARELY
ON THE GEOTECHNICAL ENGINEER.
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EXPANSIVE OR NON-EXPANSIVEEXPANSIVE OR NON-EXPANSIVE
SITE OR ZONE?SITE OR ZONE?
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3.2.1 Expansive Soils Sites 

Sites for which expansive soil design is applicable should 
satisfy 3 ~ 2 .1.1 through 3.2. 1.3, or 3.2.1.4. Tests 
showing compliance with 3.2.1.1 through 3.2. 1.3 
are not required if the test prescribed in 3.2.1.4 is 
conducted. This is consistent with the expansive soil 
classification found in the International Building Code 

(IBC) 2003 Section 1802.3.25°. 
3.2.1.1 - Plasticity Index (PI) of 15 or greater) detern1ined 
in accordance with ASTM D 4318. 
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3.2.1.2 ~ More than 10 percent of the soil particles pass a 

No. 200 sieve (75 ~m) detern1ined in accordance with 

ASTM D 422. 

3.2.1.3 - More than 10 percent of the soil particles are 
less than 5 micrometers in size, determined in accor
dance with ASTM D 422. 

3.2.1.4 ~ Expansion index (EI) greater than 20 deter
mined in accordance with ASTM D 4829. 
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FIELD INVESTIGATIONFIELD INVESTIGATION
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3.3 Minimum Field Investigation Program 

The geotechnical engineer should develop the proposed 
exploration progranl. A minimum exploration pro

gram for subdivisions should cover the geographic and 
topographic limits of the structural areas) and should 

evaluate expected differences in geology in sufficient 
detail to provide information and guidance for second
ary investigations) if any. 
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Borings should generally extend through any known fill 
or potentially compressible materials even if greater 
depths are required. If grading information is available) 
the exploration program should be designed to consider 
the effects of significant cuts so that additional boring 
depths may be required in areas of these cuts. 
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he geotechnical explorat' on 
program should take into account s'te conditions and 
subsurface anomalies such as vegetation depth of fill , 
drainage seepage areas slopes fence I' nes old roads or 
rails man-made constructions the time of year regard

ing seasonal weathe cycles perched water seepage and 
othe conditions that may affect foundation perform
ance, A epresentative series of aerial photographs are 
ecommended to identify site conditions before sub

division grading's 'nitiated. 
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Special Project RequirementsSpecial Project Requirements
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In general for expected uniform subsurface conditions 
borings should be placed at 200-foot centers across a 
subdivision or as dete mined by the geotechnical engi
neer of record based upon local practice. Non-uniform 
subsurface conditions may require additional borings. 
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A single lot investigated in isolation should generally 
include two borings. Borings should generally be a min
imum of 20 feet in depth unless confirmed extens 've 
non-swelling rock strata are encountered at a lesser 
depth. The borings depth can be reduced to 5 ft in any 
area with uniform soil deposits and a positive 
Thornthwai te Moisture Index of + 15 or greater, such as 
the Texas Gulf Coast reg' on 
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Borings should generally extend through any known fill 
or potentially compressible materials even if greater 
depths are required. If grading information is available, 
the exploration program should be designed to consider 
the effects of significant cuts so that additional boring 
depths may be required in areas of these cuts. 
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Special Project RequirementsSpecial Project Requirements
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All borings should be sampled at a minimum interval of 
one per two ft of boring in the upper lOft and at 5-ft 
intervals below that. In clayey soil conditions) relatively 

undisturbed tube samples should be obtained. In gran
ular soils, samples using Standard Penetration Tests 
should be obtained. Borings should be sampled and 
logged in the field by personnel properly trained" in 
geotechnical testing procedures and all borings should 
be sampled such that a geotechnical engineer may 
examine and confirm the field logs in the laboratory. 
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Exploration may either be by drill rig or by test pit 
Sites, which are obviously rock with outcrops showing. 
or easily discoverable by shallow test pits) may be inves
tigated and reported without resorting to drilled bor

ings, and terminate at depths sufficient to identify rock. 
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Field logs should generally note inclusions) such as 
roots, organics, fill, calcareous nodules, gravel and man
made materials. If encountered) the depth to water 
should be logged. If the geology or site conditions indi
cate, overnight water levels should be recorded prior to 
backfilling boreholes. Additional measurements should 
be taken at the direction of the geotechnical engineer. 
The impact of perched water seepage should be consid
ered if the geology of the site dictates. 
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LABORATORY TESTINGLABORATORY TESTING
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3.4 Suggested Laboratory Testing Program 

The geotechnical engineer should develop the laboratory test
ing program. Sufficient laboratory testing should be performed 
to identify significant strata and soil properties found in the 
borings across the site. Such tests may include: 

a. Dry Density 

b. Moisture Con tent 

c. Atterberg Limits7 

d. Estimates of Cohesive Strength using Pocket 
Penetrometer or Torvane 

e. Confined or Unconfined Compressive Strength 
tests 
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f. Swell and/or Shrinkage Tests 
(J o· Hydrometer Testing to obtain percentage of 

smaller than 2 microns sizes 

h. Sieve Size Percentage through #200 
• Soil Suction Tests l. 

• Consolidation - S\vell Pressure Testing J. 

k. Expansion Index Test 
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GEOTECHNICAL REPORTSGEOTECHNICAL REPORTS
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3.5 Geotechnical Report 

3.5.1 Report Contents 

Geotechnical reports should contain, as a minimum: 

a. Name and address of firm preparing the report 

b. Detailed location (with linlits) of site being 
investigated 

c. Purpose and scope, and limitations of services 

d. Project description, including design assumptions. 
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e. Investigative procedures 

f. Laboratory testing procedures 

g. Laboratory testing results (to include swell test) 

h. Logs of borings and plan showing boring locations 

i. Site characterization 
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j. Foundation design information and recommen
dations 

k. Percentage of water-soluble sulfates and chlo
rides in soit by weight, if required by local gov
erning authorities 

1. Professional Engineer's seal 

ll1, Aerial photos before site grading 
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3.5.2 Site Characterization 

The geotechnical engineer should characterize the site 
for design purposes. The report should comment on 
site conditions and subsurface anomalies that may 
affect the foundation design and performance, such as: 

a. Topography including drainage features and 
slopes 

b. Trees and other vegetation 

c. Seeps 

d. Stock tanks 

e. Fence lines or other linear features 
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f. Geotechnical ' conditions, including estimated 
swell-shrink or consolidation type settlement 

g. Active or inactive surface faults, if applicable 
, 

-h. Subsurface water conditions 

i. f\reas of fill detected at the time of the investigation 

j. Other man made features 
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 Site Information Site Information
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3.5.3 Foundation Design Information and 
Recommendations 

Reports should contain the applicable design informa
tion and recommendations for each lot or structural 
area in the project. Site characterization should be pro
vided to determine if expansive soils, compressible soils 
or inactive ground conditions control foundation 
design, for example: 
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A. Expansive Soils Conditions 

1. The estin1ated depth of the n10isture active zone. 

2. Suction profiles) in-situ and recommended 
design envelopes 

3. Post -Tensioning Institute (prI) parameters 
including the following: 
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a. em and Ym for edge lift and center lift modes. 

The em and Ym design recommendations 
should take into account the added effect of 
trees and other environmental effects including 
sUbStlrface anomalies such as perched water. 
The determinations should be based on design 

. suction profile change and laboratory deter
mined values of suction-con1pression index. 
See Fi 9 u re 3.5 for a graphical display of the 
em and Y m concepts. 
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b. Bearing capacity of the soil to be applied at the 
bottom of stiffener ribs or across the entire 
width of uniform thickness foundations. 

c. em and Y m should be reported for design condi
tions for suction profiles varying from equilibri
um, and for probable extreme suction conditions. 
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5. Soil treatment method(s) to reduce the soil 
movement potential and the corresponding 
reduction in predicted movement. 

6. Methods for dealing with trees and other site 
environmental concerns that may affect the 
foundation design. 

7. Moisture control procedures to help reduce soil 
movement. 

S. Surface drainage recommendations to help 
reduce soil n1ovement. 
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SUCTION PROFILESSUCTION PROFILES
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Post Equilibrium
Suction Profile

Post Construction
Suction Profile
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POST-EQUILIBRIUM VSPOST-EQUILIBRIUM VS
POST-CONSTRUCTION SOIL STATESPOST-CONSTRUCTION SOIL STATES

POST-EQUILIBRIUM IMPLIES A LONG TIME PERIOD
AFTER WHICH SOIL MOISTURE (OR SUCTION) IN THE
CENTER OF A SLAB STABILIZES AND ONLY THE
EDGES MOVE UP OR DOWN IN RESPONSE TO
WETTING OR DRYING.  (ORIGINAL PTI ASSUMPTION)

POST-CONSTRUCTION SOIL MOISTURE STATES
(SUCTION) CAN EXIST DURING CONSTRUCTION AT
EXTREME WET OR DRY VALUES AND CHANGE TO THE
OPPOSITE WITHIN THE FIRST SEVERAL YEARS OF A
SLAB’S LIFE.  THIS RESULTS IN MUCH MORE
EXTREME EDGE LIFT OR EDGE SHRINK AND MAY
CONTROL PERFORMANCE.
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Non-Active
Zone at 15 Feet

DESIGN SUCTION ENVELOPES REFLECTING VARIOUS DEPTHS OF NON-ACTIVE
ZONE ON YM SWELL (POST-CONST.)

Non-Active
Zone at 10 Feet

Non-Active
Zone at 7.5 Feet

Non-Active
Zone at 5 Feet
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GEOTECHNICAL  REPORTS EMPHASIS ITEMS  
 

1. Tube samples at 2’ to 10’ depth and at 5’ below that, in borings at 200 ft spacing or at 

special interest areas.  Fill in between with auger borings and samples.  

 

2. For each soil layer, run A.L., %fc, F f. 

 

3. Identify fau lts. 

 

4. Identify wooded areas to be cleared.   Routinely use aerial photos.  

 

5. Clearly indicate “Non -Expansive” areas  for Type II Recommendations.  Site preparation i s 

important.  

 

6. Select and report Design Suction Envelopes for each subdivision zone or commercia l site.  

Use field suction profiles to verify envelopes.  Tree areas or shallow water tables may 

require rectangular envelope.  As a general rule use “Post -Construction” profiles within I m -

20 to +10.   For controlled moisture conditioned sites, “Post -Equilibrium” may be used.  

 

7. Long term f ield suction data base is needed to refine typical Design Suction Envelopes for 

various localities and conditions .  Until better info is available, use pF 2.9 to pF 4.5.  

 

8.  For expansive clay sites, include table of revised em based on vertical barrier depths.  Use 

table in PTI 3
rd

 Ed.  Revised y m for barriers can be modeled using VOLFLO.  

 

9. Two methods for estimating swell in all expansive clay reports.   Note that PVR is NOT Ym.  

 

10. Run VOLFLO and include outputs  of runs in appen dix. 
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DO NOT TRIVIALIZEDO NOT TRIVIALIZE
GEOTECHNICAL STUDIESGEOTECHNICAL STUDIES

• WITHOUT A CAREFULLY EXECUTED
GEOTECHNICAL INVESTIGATION, ALL
FOUNDATION DESIGN WORK IS
EITHER OVER-DESIGNED OR UNDER-
DESIGNED AND GENERALLY ONLY
HIGH PRICED DRAFTING BASED ON
GUESSWORK.  MUCH OF THE HARD
THINKING AND JUDGEMENT NEEDED
FOR GOOD DESIGN IS SQUARELY ON
THE GEOTECHNICAL ENGINEER.
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GEOTECHNICAL PROCEDURE



2005 Seminar
Foundation Performance Association

Dean Read Presentation 2

Application of Geotechnical
and Structural Procedures

for Expansive Soil Using
PTI 3rd Edition Manual

September 2005
Houston, TX



Foundation Performance Association
Dean Read Presentation 42005 Seminar

Expansive Soil?
 PTI 3.2.1 - Expansive Soil Design is

applicable if:
 All three of the following are true

 PI >= 15
 Passing #200 Sieve > 10%
 Finer than 5 micron > 10%

 Or EI > 20

 PTI 4.1 (Commentary) – The design method
for slabs on expansive soils is applicable
for:
 PI >=15 in the upper five feet
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Distribution of Expansive Soils
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Soil Structure Interaction

CENTER LIFT
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Soil Structure Interaction

EDGE LIFT
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Edge Moisture Variation Distance, em

 Edge Moisture Variation Distance - em
represents the distance measured
inwards from the edge of a shallow
foundation within which moisture will
change due to wetting or drying
influences around the perimeter of the
foundation.

 em is based on both climatic and soil
properties.
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Differential Soil Movement,  ym

 Differential Soil Movement - ym
represents the change in soil surface
elevation at two locations separated by a
distance em.

 ym can be determined using the Stress
Change Factor (SCF) method or
computer methods such as VOLFLO.
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Differential Soil Movement,  ym
 ym is NOT the expected differential deflection of

the foundation.  ym should always be greater
than the actual differential deflection of the
foundation due to foundation stiffness.

 ym would only equal the differential deflection
for a “perfectly flexible” foundation with no
externally applied loads.

 ym is NOT the same as Potential Vertical Rise
(PVR) .  PVR is a commonly used swell
predictor used in Texas.
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REQUIRED Variables for determining
em and ym

  Liquid Limit (LL) - 90
  Plastic Limit (PL) - 29
  % Passing #200 Sieve - 89  
  % Finer than 2 micron - 29
  Geographic Location - Houston, TX
  Depth to Constant Suction - 9 feet
  Fabric Factor (Ff) - 1.0

Note: With the exception of the Fabric Factor, the required
inputs were all required in the 2nd Edition procedure.
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Depth to Constant Suction
 The Depth to Constant Suction can be

estimated by several different methods:
 Published analytical procedures
 The depth at which the suction changes less than

0.027 pF (difficult to measure to this accuracy)
 2 feet deeper than the deepest root
 Depth of “moisture active zone” (difficult to

determine, can vary on different sites)
 While the Depth to Constant Suction is

commonly assumed to be 9 feet it can be
significantly deeper.
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Additional Variables for determining
em and ym

 % Passing #10 Sieve
 Dry Unit Weight (at natural water content)
 Wet Total Unit Weight (at approx. 2.5 pF)

Note: Variables only required for Coarse-
Grained Soil Correction
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Example of em
Determination
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Steps to determine em
 Step 1 – Calculate the Plasticity Index (PI)
 Step 2 – Calculate the % fine clay (%fc)
 Step 3 – Determine Zone from Mineral 

Classification chart
 Step 4 – Calculate the Activity Ratio (PI/%fc)
 Step 5 – Calculate LL / %fc
 Step 6 – Determine Suction Compression 

Index (γo) from Zone Charts
 Step 7 – Calculate Suction Compression 

Index (γh)
 Step 8 – Modify γh for shrinking and swelling
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Steps to determine em
 Step 9 – Calculate Ss

 Step 10 – Calculate Unsaturated Diffusion
Coefficient (α)

 Step 11 – Calculate Modified Unsaturated Diffusion
Coefficient (α’)

 Step 12 – Calculate Weighted Modified
Unsaturated Diffusion Coefficient (weighted α’)

 Step 13 – Determine Thornthwaite Moisture Index
(Im)

 Step 14 – Determine em
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 Step 1 – Calculate Plasticity Index (PI)
PI = LL – PL
PI = 90 – 29 = 61

 Step 2 – Calculate the % Fine Clay (%fc)
%fc = % finer than 2 micron

  % passing #200 sieve
%fc = (65 / 89) * 100 = 73%

Note: Percent Fine Clay is not the same as Percent Clay
as published in other sources

em Step 1 & 2
Calculate PI and %fc



Foundation Performance Association
Dean Read Presentation 182005 Seminar

Note:  No soil should plot above
U-Line

Referred to
as Zone 7 in

VOLFLO.
There is no
Zone Chart
for this area.

PTI 3.6.2
says to use
γο = 0.01

em Step 3
Determine Zone from Mineral Classification Chart

61

90

Zone III
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em Step 4 & 5
Calculate PI/%fc and LL/%fc

 Step 4 – Calculate Activity Ratio (PI / %fc)
PI / %fc
PI / %fc = 61 / 73 = 0.84

 Step 5 – Calculate LL / %fc
LL / %fc
LL / %fc = 90 / 73 = 1.23
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Note:  Method for determining γo based
on laboratory data from the National
Resources Conservation Service,
USDA with analysis by Covar and
Lytton.  Data included over 7000
samples from across the United States.

em Step 6
Determine Suction Compression Index (γo)

0.84

γo = 0.17

1.23

Zone III

PTI 3.6.2 – Beyond extreme values of
the contours, use the nearest values for
γo.
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em Step 7
Calculate Suction Compression Index (γh)

 γo is the suction compression index for a soil
with 100 % fine clay (all particles smaller than
2 micron)

 γh is the suction compression index adjusted
for the actual percentage of fine clay

 γh = γo (%fc)/100
γh = 0.17(73)/100 = 0.124
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em Step 7
Calculate Suction Compression Index (γh)

Coarse-Grained Soil Correction

Note: Should not be applied “unless a significant amount
is retained by #10 sieve.”  Error exists in Eq 3-11.
Correct equation shown above.
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em Step 8
Modify γh for Shrinking and Swelling

 γo and γh determined with zone charts represent
mean values.

 γh needs to be corrected for shrinking and
swelling.

 γh shrinking = γhe-γh

γh shrinking = 0.124e-0.124 = 0.110
γh swelling = γheγh

γh swelling = 0.124e0.124 = 0.140
Note:  Correction is different than in Technical Note #12
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Alternate Procedures for
Determining γh Swelling

 Expansion Index Procedure: use ASTM D 4829
to determine EI:
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Alternate Procedures for
Determining γh Swelling

 Consolidation - Swell Pressure Test Procedure: use
ASTM D-4546 Method C
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Alternate Procedures for
Determining γh Swelling

 Overburden Pressure Swell Test

is decimal change of specimen height divided
by the initial height

Overburden Pressure



Foundation Performance Association
Dean Read Presentation 272005 Seminar

Alternate Procedures for
Determining γh Swelling
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em Step 9
Calculate Ss

 Ss is the slope of the suction vs. gravimetric water
content curve.

 Can be determined from soil-water characteristic
curve or be estimated with the following equation.
 Ss =-20.29 + 0.1555 LL – 0.117 PI + 0.0684 (%-#200)
Ss = -20.29 + 0.1555(90) – 0.117(61) + 0.0684(89)
Ss = -7.3
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em Step 10
Calculate Unsaturated Diffusion Coefficient
 The Unsaturated Diffusion Coefficient (a) for

shrinking and swelling can be estimated with the
following equations (based on field observations)
α shrinking = 0.0029-0.000162(Ss) – 0.0122(γh shrinking)
α shrinking = 0.0029-0.000162(-7.3) – 0.0122(0.110)
α shrinking = 0.00274

α swelling = 0.0029-0.000162(Ss) – 0.0122(γh swelling)
α swelling = 0.0029-0.000162(-7.3) – 0.0122(0.140)
α swelling = 0.00237
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em Step 11
Calculate Modified Unsaturated Diffusion Coefficient

α’ = α (Ff)



Foundation Performance Association
Dean Read Presentation 312005 Seminar

Reason for Fabric Factor
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Reason for Fabric Factor
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em Step 11
Calculate Modified Unsaturated Diffusion Coefficient

α’ shrinking = α shrinking (Ff)
α’ shrinking = 0.00274 (1.0)= 0.00274

α’ swelling = α swelling (Ff)
α’ swelling = 0.00237 (1.0) = 0.00237
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em Step 12
Calculate Weighted Modified Unsaturated Diffusion Coefficient

(α’)weighted = (Σ Fi x Di x αi) / (Σ Fi x Di)

For layered soil profiles (α’) weighted to be
calculated per the following equation:
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em Step 13
Determine Thornthwaite Moisture Index (Im)
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em Step 13
Determine Thornthwaite Moisture Index (Im)

Im = 18
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em Step 14
Determine em

3.6

4.8
4.4

2.4

Represents the
middle of the 2nd

Edition bands
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Example of ym
Calculation
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Steps to determine ym

 Step 1 – Determine if Post-Equilibrium or Post-
Construction Suction Profiles control

 Step 2 - Determine Equilibrium Suction
 Step 3 – Determine Dry Suction Envelope
 Step 4 – Determine Wet Suction Envelope
 Step 5 – Determine Stress Change Factors
 Step 6 – Calculate Weighted Suction

Compression Index
 Step 7 – Calculate ym
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ym Step 1
Post-Equilibrium or Post-Construction

Post–Equilibrium Post–Construction

SHRINKING
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ym Step 1
Post-Equilibrium or Post-Construction

Post–Equilibrium Post–Construction

SWELLING
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ym Step 1
Post-Equilibrium or Post-Construction

 For Post-Equilibrium suction envelopes use
Stress Change Factor (SCF) procedure included
in 3rd Edition manual or computer method such
as VOLFLO.

 For Post-Construction suction envelopes use
computer method such as VOLFLO.



Foundation Performance Association
Dean Read Presentation 432005 Seminar

ym Step 2
Determine Equilibrium Suction

18

3.4

Equilibrium Suction may be estimated from correlation below in
the absence of local observations:

Note:  Also referred to as constant suction or measured suction
at depth.  This figure has changed from 2nd Edition.
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ym Steps 3 and 4
 Determine Dry and Wet Suction Envelopes

2.5 Typical wet limit
suction value for poor
drainage conditions

4.5 Typical dry limit
suction value for site

controlled by
vegetation

6.0 Typical dry limit
suction value for site

controlled by bare soil

2.9 Typical wet limit
suction values of

properly draining site
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ym Steps 3 and 4
Determine Dry and Wet Suction Envelopes

Shrinking Swelling

Initial Profile
Final Profile
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ym Step 5
Determine Stress Change Factors

SCFshrinking= -20.7

SCFswelling= 9.9
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ym Step 6
Calculate Weighted Suction Compression Index

(γh)weighted = (Σ Fi x Di x γhi) / (Σ Fi x Di)

For layered soil profiles  - (γh) weighted to be
calculated per the following equation:
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ym Step 7
Calculate ym

 ym Center = γh shrinking x SCFshrinking

 ym Center = 0.110 x -20.7

 ym Center = 2.28 inches

 ym Edge = γh swelling x SCFswelling

 ym Edge = 0.140 x 9.9

 ym Edge = 1.39 inches
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Stress Change Factor Method
Assumes initial suction is at equilibrium

Assumes final suction is a typical     “trumpet
shape” suction envelope

Assumes Depth to Constant Suction is 9ft

Unconservative for extreme soil suction
conditions (Post-Construction).

Possibly Over- or Under- conservative for soil
profiles with multiple layers where γh varies
significantly  (See PTI 3.6.3)
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Summary of Soil Support
Parameters (SCF)

Houston, TX

em Center = 4.4 feet
em Edge = 4.8 feet

ym Center = 2.28 inches
ym Edge = 1.39 inches



Foundation Performance Association
Dean Read Presentation 512005 Seminar

VOLFLO 1.5 - Shrinking
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VOLFLO 1.5 - Shrinking
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VOLFLO 1.5 - Shrinking
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VOLFLO 1.5 - Swelling
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VOLFLO 1.5 - Swelling
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Comparison of
Soil Support Parameters

9%13%0%0%% Difference

1.272.014.84.4VOLFLO 1.5

1.392.284.84.4SCF
EdgeCenterEdgeCenter

ymem

Houston, TX
Homogeneous Soil Profile

Post-Equilibrium Suction Envelopes
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What is the effect of the
geotechnical assumptions?
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Comparison of Effect of Fabric Factor

Table 3.1 - Soil Fabric Factor . 
Condition Ff 

Soil profiles contain few roots, layers, fractures or 
1.0 

joints (No more than 1 per vertical foot) 

Soil profiles contain some roots, layers, fractures 
1.3 

or joints (2 to 4 per vertical foot) 

Soil profiles contain many roots, layers, fractures 
1.4 

or joints (5 or more per vertical foot) 



Foundation Performance Association
Dean Read Presentation 592005 Seminar

3rd Edition Soil Assumptions – Post-Equilibrium,
Wet Limit = 2.9 pF, Dry Limit = 4.5 pF

Comparison of Effect of Fabric Factor
Houston, TX soil profile

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

em center em edge ym center ym edge

Fabric Factor = 1.0

Fabric Factor = 1.4
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Comparison of Effect of Dry Suction Limit

4.5 Typical dry limit
suction value for site

controlled by
vegetation

6.0 Typical dry limit
suction value for site

controlled by bare soil



Foundation Performance Association
Dean Read Presentation 612005 Seminar

Comparison of Effect of Dry Suction Limit
Houston, TX soil profile

3rd Edition Soil Assumptions – Post-Equilibrium,
Wet Limit = 2.9 pF, Ff = 1.0

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

em center em edge ym center ym edge

Dry Limit = 4.5 pF

Dry Limit = 6.0 pF
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2.5 Typical wet limit
suction value for poor
drainage conditions

2.9 Typical wet limit
suction value of

properly draining site

Comparison of Effect of Wet Suction Limit
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Comparison of Effect of Wet Suction Limit
Houston, TX soil profile

3rd Edition Soil Assumptions – Post-Equilibrium,
Dry Limit = 4.5 pF, Ff = 1.0

0.0

1.0

2.0

3.0

4.0

5.0

6.0

em center em edge ym center ym edge

Wet Limit = 2.9 pF

Wet Limit = 2.5 pF
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Comparison of Effect of Post-Equilibrium
vs. Post-Construction
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3rd Edition Soil Assumptions –Wet Limit = 2.9 pF, Dry Limit = 4.5 pF, Ff = 1.0

Comparison of Effect of Post-Equilibrium
vs. Post-Construction

Houston, TX Soil Profile

0.0

1.0

2.0

3.0

4.0

5.0

6.0

em center em edge ym center ym edge

Post-Equilibrium

Post-Construction
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STRUCTURAL PROCEDURE
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Foundation Types

 Ribbed Foundation

 Uniform Thickness Foundation
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Foundation Design

 Design is performed based on “trial and
error” procedure.  Assumptions are made
and then assumed design checked for
“compliance”.  If assumed design is “out
of compliance” or over-designed modify
assumptions and perform analysis again.
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Ribbed Foundation
 Ribbed foundation checked for compliance

with the following:
Flexural Stresses

Tension
Compression

Shear Stress
Minimum Stiffness
Cracked Section Capacity
Soil Bearing Capacity
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Uniform Thickness  Foundation
 “Constructible” and “Compliant”

Ribbed Foundation must be
designed before being converted to
UTF using the following equation:
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Uniform Thickness  Foundation
 “Compliant” Ribbed foundation for UTF design

must comply with
Flexural Stresses

Tension
Compression

Shear Stress
Minimum Stiffness
Cracked Section Capacity
Soil Bearing Capacity

Compliance
not required
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Uniform Thickness  Foundation

 After conversion, UTF to be checked for
“compliance” with:
Flexural Stresses

Tension
Compression

Shear Stress
Cracked Section Capacity
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Required Variables for
Structural Procedure
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Concrete Properties
 Compressive Strength - 3,000 psi
 Creep Modulus - 1,500,000 psi

Creep modulus is typically assumed to be
50% the concrete modulus of elasticity.  Can
assume 1,500,000 for all strengths concrete.

 Unit Weight - 145 pcf
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Tendon Properties

 Maximum Tensile Strength - 270 ksi
 Tendon Diameter - 1/2”

1/2” diameter strand tendons are virtually
exclusively used.

Area of 1/2” strand tendon is 0.153 in2

(not 0.2 in2)
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Design Rectangles
   PTI 6.3 – “Slabs of irregular shape should be

divided into overlapping rectangles so that
the resulting boundary provides reasonable
congruence with the foundation perimeter.”

   PTI 6.3 –“Long narrow rectangles may not
appropriately model the overall foundation
and generally should not govern the design.”
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Design Rectangles

B

A
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Design Rectangle Geometry
Example for Design Rectangle A

 Design Rectangle Width - 24 ft
 Design Rectangle Length - 42 ft

 Slab Thickness - 4 inches
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Prestress

 Minimum Effective Prestress Force - 0.10A for ribbed
foundation

PTI 6.7 – “The minimum prestress Pe required is 0.05A
for ribbed foundations and 0.6HW for uniform thickness
foundations”

Note: Effective Prestress Force of 0.05A is equivalent to
Effective Prestress of 50 psi

    PTI 6.7 – “When excessive shrinkage cracking is
anticipated the designer should consider increasing the
minimum prestress force to 0.10A for ribbed foundations
and 0.12HW for uniform thickness foundations”
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Rib Geometry, Spacing and Reinforcement
 Rib Depth - 12” (initial assumption)

   PTI 4.5.2.2 - “… the total rib depth h shall be in no case
less than 11 in., and the rib must extend at least 7 in.
below the bottom of the slab.”

PTI 4.5.2.2 - “… it is permissible to use ribs of different
depths in the design, provided that the ratio between the
deepest and shallowest rib does not exceed 1.2.”  This
applies to beams in the same direction.

    Ribs depths in short and long direction do not need to be
the same depth.
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Rib Geometry, Spacing and Reinforcement

 Rib Width - 8” (initial assumption)

PTI 4.5.2.3 - “… the rib width used in section
property calculations must be limited to a
range of 8 to 14 in.”

  PTI 4.5.2.3 - “Rib widths most commonly
found in practice are 10 to 12 in.”
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Rib Geometry, Spacing and Reinforcement
 Tendons per ribs - 1 (initial assumption)

Tendons in the bottom of the ribs are
generally required to resist edge lift soil
movements and to comply with new cracked
section provisions.

 Concrete Cover below tendons - 2.75 in.
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Rib Locations
The minimum number of ribs in each
direction is determined by the architectural
layout and the maximum permitted beam
spacing.

   PTI 4.5.2.1 - “Rib spacing S shall be a
maximum of 15 ft.  A minimum rib spacing of
6 ft shall be used in the design of ribbed
slabs.”
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Rib Locations
8’ 8’ 15’ 11’

9’

10’ 11’ 11’

12’

12’

8’

10’
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Rib Geometry, Spacing and Reinforcement
 Number of Ribs - 5 short, 3 long (initial)
 Rib spacing -

Short 15 ft max, 8 ft min  (initial)
        Long 12 ft max, 12 ft min  (initial)

   PTI 4.5.2.1 – “When rib spacings vary, the average spacing
may be used for design unless the ratio between the largest
and smallest spacing exceeds 1.5.  In that case, the design
spacing shall be 0.85 times the largest spacing.”

    This provision results in a greater applied moment and
shear.
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Soil Properties
 Allowable bearing - 2500 psf

 Soil Support Parameters:

 Soil Modulus of Elasticity - 1000 psf

The soil modulus of elasticity (Esoil) is commonly
assumed to be 1000 psf.  Esoil is not the same as
the subgrade modulus (Ks)

ym (in)
em (ft) 4.84.4

1.272.01

EdgeCenter
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Foundation Loads

2-Story 1-Story

1-Story

Siding (Lightest)

Brick

Brick

Brick (Heaviest)

Brick (Heaviest)

Brick

Assume Hip
Roof
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Foundation Loads
 Average Uniform Superimposed Total Load - 150 psf

= Total applied load (including perimeter load)
          square footage of design rectangle

   The average uniform superimposed total load is only
used in soil bearing calculations.
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Foundation Loads
 Perimeter Load - Maximum 1500 plf
                                Minimum 600 plf

  The perimeter load typically includes dead plus live load
but “in the edge lift mode, designers are permitted,
however to use dead load and sustained live load, or to
use dead load only.

   PTI 4.5.4.3 – “When P varies significantly around the slab
perimeter, and the ratio of largest to smallest exceeds
1.25, the largest value should be used for center lift
design and the smallest value should be used for edge lift
design.”
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Stiffness Coefficients
 Stiffness Coefficients - Brick controls

PTI Table 6.2 – Recommended Values of Stiffness
Coefficient CΔ

960Edge Lift
480Center Lift

1000
960
480
360
240

Center

720Stucco or Plaster
480Wood Frame

960Brick Veneer
1920Concrete Masonry Units
2000Prefab Roof Trusses

EdgeMaterial
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Prestress Loss
 Prestress Loss - 15 ksi

   Loss of prestress due to tendon friction,
elastic shortening, creep and shrinkage of
concrete and steel relaxation.  In lieu of
calculation, 15 ksi typically assumed

 Subgrade Friction Coefficient - 0.75
  Assumes slab cast directly on a sand base.

Use 0.75 for slabs on polyethylene.
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PTISlab 3.0
   Example problem continues using

PTISlab 3.0 to perform analysis.
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Post-Tensioned
Prestressed Concrete

Post-Tensioned
Slab-on-Ground

Construction



 

Reinforced vs Plain Concrete

It is important to recognize the difference between
reinforced and plain concrete when referring to post-
tensioned or conventionally reinforced concrete slabs-
on-ground. The American Concrete Institute (ACI)
defines reinforced concrete as concrete designed to
satisfy the minimum requirements of the code. The
category of plain concrete was developed by ACI to
refer to concrete used in ground supported construction
where loads are light, stresses are low, life safety
concerns are minimal or non-existent and the minimum
requirements for reinforced concrete are not necessary.



Occupancy Loads

Tension Tension

ft = Mc /I or M/Sb

How Prestressing Works
The Basics

Edge Lift Edge Lift



ft = M/Sb – (P/A)

CompressionForce Force

How Prestressing Works

For Slabs-on-Ground



 

Advantages of Post-Tensioning

• Inherent compressive strength of concrete

• Less structural depth to achieve same design
strength

• Economical use of building materials

• Speed of construction



• Single Family Residential

• Multi-Family Residential

• Commercial / Industrial

• Sports Courts

Applications of Post-Tensioning
Slab-on-Ground Foundations



 

Post-Tension Steel
Tonnage Comparison
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Foundations Types
Classified by BRAB Report 33

 

In 1962, The Building Research Advisory
Board (BRAB) issued Report 33 which
classified residential foundations into four
design categories based upon the degree
of severity of the supporting soil:

• Type I: Unreinforced

• Type II: Lightly Reinforced

• Type III: Reinforced and Stiffened

• Type IV: Structural



 

The PTI design
procedure for
expansive soil is
based on a ribbed
slab layout.

PTI Design Procedure
Slab-on-Ground Foundations

, 



 

The “key-word”
is Slab-on-GROUNDGROUND

• Slabs-on-Ground are designed to meet a
specific set of soil “parameters”.

• The performance of ANY foundation is
dependent up on obtaining accurate soil
information about the site.

• Expansive Soils
• Plasticity Index (PI) Greater than 15
• Expansion Index (EI) Greater than 20

• Em, Ym, Bearing Capacity



 

Site Inspection
Inspect site to look for unusual conditions

• Drainage ditches or low areas that hold water

• Trees that can influence soil moisture

• Anything that appears “out of the ordinary”

• Contact the geotechnical and structural engineer
for recommendations



 

Site Preparation
Strip Site of Organics & Trash

The site should be
initially stripped of all
surface vegetation and
other deleterious
material.



 

Site Preparation
Recompact Scarified Surface Material

The exposed
subgrade should
be scarified and
recompacted.



 

Site Preparation
Identify Voids & Recompact

Remove trees,
including the
root system

Proof roll the
site to identify
any loose soil



 

Site Preparation
Drainage

Grade the lot for
positive drainage
away from the
foundation during
and after
construction.



 

Site Preparation
Compaction tests should be performed on all fill material used
during the site development phase. The quality, as well as the
compaction, of all fill material should be documented.

Fill should exhibit low expansion properties, be free of organics
and other deleterious material, and be compatible with the
existing soil characteristics.

READ the General Notes sheet prepared by the structural
engineer. This sheet may contain special instructions about
specific site preparation  requirements.

Contact the structural engineer should anything be unclear or in
question.



 

Components of an
Unbonded PT System

• Unbonded Strand

• Anchorages

• Accessories



 

Unbonded P-T Strand

Corrosion Protection "Grease"

High Density 

Polyethylene 

Sheathing

P-T Coating

7 wire Steel 

Strand

Unbonded strand consists of
three main components:

• Prestressing Steel

• PT Coating

• Sheathing



 

Anchorage System

Anchor

2-pc Wedge



 

Standard System
Fixed End Anchorage



 

Standard System
Stress End Anchorage

Anchor Pocket Former



 

Standard System Assembly



 

Stressing Anchorage

Incorrect Correct



 

Stressing Anchorage

• Replace Sheathing

• Tape

• 1 inch Rule

Tendon Sheathing Repair



 

Installation
• Follow approved engineers drawings

• Anchors are placed 6 inches from edge

• Anchors are placed at T/2 or 3” below top of slab

• Anchors are securely attached to edge forms



 

Installation
• Follow approved engineers drawings

• Anchors are placed 6 inches from edge

• Anchors are placed at T/2 or 3” below top of slab

• Anchors are securely attached to edge forms



 

Installation

Horizontal transitions
are smooth, clear all
openings by 3 inches
and are straight past
the opening



 

Chairs are placed
and tied at each
tendon intersection at
less than 3’-6”
centers

Installation
Chair Placement ~ /" "" 

- -

~ ~ 

~ ~ 

TIE 

x ADD #5x36" 
< AS REQ'D , . 
N • 

TIE 

'" ~ 

LESS THAN 42" 

/" 

f- -

~ 

421 MAX 

GREA TER 
42" THAN 

JUIICOAIT 



 

Installation
Chair Placement

IncorrectCorrect



 

Installation

Draped tendons are used in some designs to
provide compression in the bottom of beams
resisting tensile stresses caused from edge lift.



 

Installation

Drops in Slabs



 

Plumbing Blockouts

• Deflect tendons to
avoid blockouts
through the slab.

• Maintain minimum of
3” concrete cover
between tendon and
blockout



 

Plumbing Blockouts

Corner blockouts
can cause
concreting
difficulties. Rebar
solutions can
alleviate the
congestion and
prevent corner
failures



 

Anchorage Zone Penetrations

Penetrations through the anchorage zone
should be sleeved with schedule 40 pipe.



 

Reentrant Corners

Initial curing tensile
stresses build-up at
reentrant (inside)
corners causing
cracking to occur.
Rebar is typically
installed at these
locations.



 

Stressing

• Initial Concrete Strength (2,000 psi MIN)

• Initial Marking (Elongations)

• Calibration of Jack/Gauge

• Stressing Force vs. Gauge Pressure

• Final Elongation Measurement



 

Cutting Stressing Tails



 

Finishing Stressing Recess

• Clean the pocket former recess of any
dirt, grit, oil or other material that will
prevent the grout from bonding to the
concrete

• Grout pocket former recess with non-
shrink cement, sand and water mix that
will reach the minimum compressive
strength of the concrete slab.



 

Inspections

Inspections should be conducted to insure
the quality of the construction.

•  Pre-pour: Installation of P-T and rebar

•  Pour: Placement of Concrete

•  Stressing: Tensioning of P-T Tendons



 

Pre-Pour Inspection

• Check the tendon and bar count

• Check the placement of the fixed-end anchors for
the required cover over the end of the steel

• Check to be sure that the stressing ends are
securely nailed to the forms (2 nails) and that the
tendon is perpendicular to the anchor

• Check to be sure that you have adequate
concrete cover over all of the steel



 

Pour Inspection

• Do not add excessive water at the site

• Place the concrete in one continuous
operation - NO COLD JOINTS

• Consolidate (vibrate) the concrete around the
P-T anchors, especially in the corners where
multiple anchors are located.



 

Pour Inspection

DO NOT displace or walk on any of the reinforcement
-  P-T or rebar



 

Post-Concrete Placement

• Notify the P-T stressing company the day after
the concrete is placed to schedule stressing

• Remove the forms - ALL OF THEM. Do this
within 3 days after the concrete is placed

• Do NOT damage stressing tails in rough grade

• Do NOT cover tendon tails with dirt or lumber



 

Trouble-Shooting

• Honeycombs
• Low strength and poor quality concrete
• Plumbing mistakes



 

Trouble-Shooting

Correct Incorrect



 

Foundation Maintenance

• Do not alter the drainage pattern of the site

• Provide a minimum of 3%-5% of slope away from
the foundation with the first 5 feet

• Roof drains should not discharge
water at the perimeter of the
foundation

• Do not plant trees within the tree’s drip line

• Do not cut off natural moisture around the
foundation by constructing decks or pools



 

The long-term performance of any
slab-on-ground foundation is dependent

upon good drainage and a moisture
maintenance program by the  property

owner.

Performance



 

PTI Certification Program

• Consistency of material quality

• Quality of extrusion and fabrication process

• Traceability of components

• Stressing equipment calibration

• Company commitment to the long term
performance of the system



 

Construction & Maintenance

More information concerning the
construction & maintenance of post-
tensioned slabs-on-ground, can be found in
a manual published by the Post-Tensioning
Institute.

The 3rd Editions is currently being reviewed
by committee and will be available in the
next few months.

602-870-7540

www.post-tensioning.org



Design Procedures & Code

602-870-7540
www.post-tensioning.org
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LIABILITY MANAGEMENT IN FOUNDATION ENGINEERING 

 

 The management of a construction project requires a detailed understanding of the 

“construction” process.  A project manager must understand the requirements of each 

trade and the order and process of construction.  As with construction management, the 

liability management also requires a thorough understanding of the “liability” process.  

While the “nuts and bolts” of the legal process should be implemented by an attorney, 

foundation engineers must understand the process so that they can effectively plan for 

when things go wrong.  A thoughtful and complete liability management plan can 

minimize the potential economic impact.   

 

Liability management is defined as the application of general liability principles, 

in conjunction with available tools, to minimize the potential economic impact of an 

incident.  To effectively manage liability, one must first understand the theory of liability, 

the basics of which are described in Section 1.  Certain principles relating to liability 

theory in the engineering context are discussed in Section 2.  And, commonly used tools 

to minimize potential liability are discussed in Section 3.  With this introduction, a 

company should evaluate their current liability management plan.   

 

 David T. Dorr, PE, esq., is the author of this paper, and the Law Office of David 

T. Dorr, PC, is solely responsible for its content.  The contents of this paper are intended 

for information only; the information should not be substituted for legal advice, as 

specific legal advice should be obtained from an attorney after consultation. 

 

 David T. Dorr, PE 
Law Office of David T. Dorr, PC 
2020 North Loop West, Ste 230 

Houston, Texas 77018 
(713) 957-4413 Telephone 
(713) 957-8297 Facsimile 

 

 

 
September 23, 2005 
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Section 1. The Theory of “Liability” 

1.1 “Liability” 
 Before one can manage “liability,” one must understand what the term means.  To 

be “liable” means the state of being bound or obligated by law or justice to do, to pay, or 

to make something; the state of one who is bound by law and justice to do something 

which may be enforced by action.1   Before a party is found “liable,” there must be an 

“incident” that results in “damage” under a recognized “cause of action,” as those terms 

are defined below.  Managing liability includes identifying and addressing those potential 

areas when liability occurs.   

1.2 “Incident” 
 First and foremost, one must identify all major or significant potential incidents.  

An incident, in any situation, involves the specific facts and circumstances that occur.  In 

the context of liability, however, an incident usually involves “damages,” as defined 

more fully below.  It is important to note that no one can possible identify every situation 

that may arise, so it is important to plan for the most common incidents related to your 

particular industry.   

In the context of a foundation design, the major potential incidents for 

consideration are as follows: 

• An architect retains an engineer to design a foundation for a residence 

for a builder.  After the house is complete, it is sold to a buyer.  

Months after the sale, the foundation moves excessively interfering 

with normal use. 

• A property owner retains an engineer to design a foundation for a 

structure that was designed by an architect.  Months after completion, 

the foundation moves excessively interfering with normal use. 

• A builder retains an engineer to design and inspect a foundation for a 

specification home, which has been sold to a buyer.  Months after 

completion, the foundation moves excessively interfering with normal 

use. 
                                                 
1 Black’s Law Dictionary, sixth edition, citing Fidelity Coal Co. v. Diamond, 310 Ill.App. 387, 34 N.E.2d 
123; Clark v. Lowden, D.C.Minn., 48 F.Supp. 261, 263.   
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• An architect retains a geotechnical engineer to perform soil testing 

and provide recommendations that a structural engineer uses to design 

a foundation. 

In each of the scenarios above, a party is potentially liable to another.  As later 

discussed, the engineer’s obligations (and potential liability) to other parties may be very 

different.  In developing a liability management plan, one should identify the major 

potential incidents, as well as the percentage of likelihood for each.  By doing so, one can 

identify where to focus the majority of his efforts in minimizing potential liability.   

1.3 Potential Parties 
As illustrated in the examples above, in residential and light commercial building, 

there are a host of potential parties involved in the construction project: the architect, the 

contractor, any subcontractors, other engineers, developers, etc.  One must not forget the 

current owner, future owners, leaseholders.  Given any “incident,” or set of facts, the 

foundation engineer may potentially be “liable” to any of these.   

All parties, however, can be easily classified into two simple groups: client and 

nonclient.  The classification also has important engineering ethical considerations, i.e., 

duty of confidentiality.  The designation, from a liability perspective, also has significant 

implications, as revealed later.  In developing the liability management plan, one should 

classify each of the potential parties.   

1.4 Causes of Action 
Before a defendant can be “liable,” the plaintiff must plead and prove, by a 

preponderance of the credible evidence, that the defendant is “liable” under a theory of 

recovery, or “cause of action,” recognized under Texas law (not all theories are 

recognized).  A cause of action has certain elements, all of which must be proven.  

Failure to prove any one element is fatal in proving liability.2  In actions against 

engineers, plaintiffs most often plead and attempt to prove one or more of the following:  

                                                 
2 See Cathey v. Booth, 900 S.W.2d 339, 341 (Tex. 1995).   
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• Negligence.  The elements of a cause of action for negligence are: (1) the 

defendant owed a legal duty to the plaintiff; (2) the Defendant breached 

that duty; and (3) the breach proximately caused the plaintiff’s injury.3 

• Negligent misrepresentation.  The elements of a cause of action for 

negligent misrepresentation are the following: (1) the defendant made a 

representation to the plaintiff in the course of the defendant’s business or 

in a transaction in which the defendant had an interest; (2) the defendant 

supplied false information for the guidance of others; (3) the defendant did 

not exercise reasonable care or competence in obtaining or communicating 

the information; (4) the plaintiff justifiably relied on the representation; 

and (5) the defendant’s negligent misrepresentation proximately caused 

the plaintiff’s injury.4 

• Breach of Contract.  The elements for a cause of action for breach of 

contract are: (1) there is a valid, enforceable contract; (2) the plaintiff and 

the defendant are in privity5; (3) the plaintiff performed, tendered 

performance, or was excused from performing its contractual obligations; 

(4) the defendant breached the contract; and (5) the defendant’s breach 

caused the plaintiff’s injury.6 

• Violation of the Deceptive Trade Practice Act.  The elements of a DTPA 

claim are: (1) the plaintiff is a consumer; (2) the defendant can be sued 

under the DTPA; (3) the defendant committed a wrongful act; and, (4) the 

defendant’s action was a producing cause of the plaintiff’s injuries.7   

Each incident may have one or more causes of action.  When evaluating 

potential liabilities, one should identify potential causes of action that parties may 

assert against him, as managing each potential liability is a function of the cause 

of action.   

                                                 
3 See D. Houston, Inc., v Love, 92 S.W.3d 450, 454 (Tex. 2002). 
4 See McCamish, Martin, Brown & Loeffler v. F.E. Appling Interests, 991 S.W.2d 787, 791 (Tex. 1999).   
5 “Privity” is established by proof that the plaintiff and the defendant were parties to the enforceable 
contract and had obligated themselves under it.  See C&C Partners v. Sun Exploration & Prod., 783 
S.W.2d 707, 721 (Tex.App.—Houston [1sth Dist.] 1997, no writ).   
6 See Valero Mktg. & Sup. Co. v. Kalama Int’l, 51 S.W.3d 345, 351 (Tex.App.—Houston [1st Dist.] 2001, 
no pet.) 
7 See Amstadt v. U.S. Brass Corp., 919 S.W.2d 644, 649 (Tex. 1996).   
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1.5 “Damages” 
Texas law recognizes three main categories of damages: actual, nominal, and 

exemplary (punitive) damages.  Actual damages, also called “compensatory damages,” 

are awarded to repair a wrong or to compensate for an injury.8  Actual damages are 

further categorized into “general” damages, which are those that are necessary and a 

usual result of the defendant’s wrongful act, and “special” damages, which are those that 

result naturally, but not necessarily from the defendant’s wrongful act.9   

Depending on the cause of action, the plaintiff can recover for damages to real 

property.  Damages to real property depend on whether the injury to land is “permanent,” 

or “temporary.”  A permanent injury consists of a constant and continuous injury, not an 

occasional, intermittent, or recurrent one.10  Permanent injury to land is measured by 

“valuation damages,” as determined by market value.  A temporary injury to land is 

sporadic and intermittent, not continuous.11  Temporary injury to land is measured by 

cost to repair, as determined by the cost and expense of restoring the land, plus any loss 

for being deprived of use.   

The plaintiff may also recover for damages to improvements.  Whether the 

plaintiff can recover valuation damages or repair damages for injuries depends on 

whether the improvement can be restored to its original condition.  When the 

improvement is destroyed, valuation damages are appropriate.  If the improvement can be 

repaired, repair damages are appropriate.   

In a personal injury case, a plaintiff can recover damages for past and future 

mental anguish.  Generally, however, the plaintiff must be physically injured unless: 

there was intentional or malicious conduct; there was a breach of duty arising from a 

special relationship; or it involved particularly disturbing events.  Courts have held that a 

plaintiff whose real property has been damaged by the defendant’s negligence cannot 

recover mental anguish damages.12   

The payment of the opposing party’s attorney fees, while not unusually 

considered “damages” per se, can be a significant economic factor to consider in the 

                                                 
8 See Robertson Cty. V. Wymola, 17 S.W.3d 334, 344-44 (Tex.App.—Austin 2000, pet. denied). 
9 See Arthur Anderson & Co, v. Perry Equip. Corp. 945, S.W.2d 812, 816 (Tex. 1997). 
10 See Bayouth v. Lion Oil Co., 671 S.W.2d 867, 868 (Tex. 1984).   
11 See Atlas Chem. Indus. v. Anderson, 524 S.W.2d 681, 685 (Tex.1975).   
12 See City of Tyler v. Likes, 962 S.W.2d 489, 497 (Tex. 1997).   
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management of liability.  Under Texas law, a person may recover reasonable attorney's 

fees from an individual or corporation, in addition to the amount of a valid claim and 

costs, if the claim is for: (1) rendered services;(2) performed labor; (3) furnished material; 

(4) freight or express overcharges; (5) lost or damaged freight or express; (6) killed or 

injured stock; (7) a sworn account; or, (8) an oral or written contract.13  Other statutes, 

such as the DTPA, may also specifically permit the recovery of attorney’s fees.   

In the context of foundation engineering, therefore, the major potential damages 

measurements for consideration are as follows: 

• Costs to repair, plus damages for loss of use 

• Valuation damage 

• Attorney’s fees to the extent they apply 

When managing liability, one should estimate the amount of potential damages in 

the event that something goes wrong.  Criteria can be established to identify high-damage 

potential projects. 

1.6 Liability Management 
In this section, we examined the theory of liability.  In review, liability means that 

Texas law recognizes a cause of action whereby a party is obligated to pay another for 

damages resulting from an incident.  In the next section, we examine certain principles of 

liability that are specific to engineering and related professions.   

                                                 
13 TEX. CIV. PRAC. & REM. CODE ANN §38.001.   
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Section 2. Certain Principles of Liability Related to Engineers 

2.1 Sources of Principles 
Now that we have discussed the theory of liability, we shall turn to certain 

principles of liability specifically related to engineers and related professions.  These 

principles are based upon certain case law in Texas.  Where available, cases relating 

specifically to engineers are mentioned.  However, case law relating to other professions 

is discussed as potentially applicable.  In theory, it is the law of the land.  In actuality, the 

courts decided the specific cases on the specific facts.  An extrapolation of a principle 

may provide little, in any, legal protection.  And a different court may decide the same 

cases differently.  Nonetheless, the cases are worthy of consideration because the 

principles can be utilized in liability management.  Other sources of principles may also 

apply, which include statutes, such as the Deceptive Trade Practice Act, and rules of 

professional ethics.   

The principles of engineering liability are highly complex and detailed.  The 

following cases are merely introductory and are interesting in nature.  These principles 

are offered merely for discussion and not as legal advice.  Any legal advice should be 

obtained from an attorney after consultation. 

2.2 The Architect’s Duty to Client 
The Corpus Christi Court of Appeals considered the duty of an architect to his 

client in Ryan v. Morgan Spears Associates.14  That case was, in part, an action for 

negligence in the performance of professional services.  The homeowner retained an 

architect to develop certain plans and specifications.  The architects hired Wally 

Wilkerson, a structural engineer, to prepare the plans and specifications for the 

foundation of the building.  Within months, the building began to deteriorate; the 

concrete floor cracked in several places, the air conditioner ducts pushed out of the walls, 

the doors warped and the concrete block walls showed signs of separation.  Upon 

examination, the architect and engineer concluded that the damage was caused by 

massive water migration that resulted in the slab to heave upward in some areas.  They 

                                                 
14 See Ryan v. Morgan Spear Associates, Inc., 546 S.W.2d 678 (Tex.Civ.App.---Corpus Christi 1977, writ 
ref'd n.r.e). 
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recommended peripheral drainage of the building, particularly the critical areas.  The 

plaintiff, the homeowners, sue the architect alleging that the defendant architect was 

negligent 1) in failing to "properly test the soil at the time and place in question", and 2) 

in failing "from what soil tests were made, to draw up proper plans and specifications 

under the attending circumstances and specifically, plans and specifications for a suitable 

foundation.”  The Court stated that an architect must use the skill and care in the 

performance of his duties commensurate with the requirements of his profession, and he 

is liable in damages if he is negligent in performing such duties.  Citing legal reference 

materials,15 however, the Court noted that:  

The architect, by his contract, implies his possession of ordinary 
good taste, skill and ability, and a promise to exercise them reasonably, 
without neglect, and with a certain exactness of performance, in seeing 
that the work is properly done.  The degree of skill required is such as 
would produce, if followed, a building of the kind called for, without 
marked defects in character, strength or appearance.   

 
In the absence of special agreement, an architect is not liable for 

faults in construction resulting from defects in the plans, as his 
undertaking does not imply or guarantee a perfect plan or a satisfactory 
result, it being considered enough that the architect himself is not the 
cause of any failure, and there is no implied promise that miscalculations 
may not occur. Thus, an architect is only liable for a failure to exercise 
reasonable care and skill [emphasis added]. 

 
This case, in the author’s opinion, is a bad principle.  As discussed later, 

professional negligence in the context of engineering services means doing that which an 

engineer of ordinary prudence in the exercise of ordinary care would not have done under 

the same or similar circumstances or failing to do that which an engineer of ordinary 

prudence in the exercise of ordinary care would have done under the same or similar 

circumstances.  Depending on the incident, a different court may conclude that a similar 

“miscalculation” constitutes negligence.  Thus, a court may decide the Ryan case 

differently today. 

                                                 
15 6 C.J.S. Architects § 27. 
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2.3 Professional’s Duty to Non-Clients 
 In the case Dear v. Scottsdale Ins. Co.,16 the Dallas Court of Appeals considered 

the implication of relationship between the parties in determining whether a duty exists.  

In Dear, an insurance carrier retained an independent adjusting firm to do independent 

adjusting work in connection with pending litigation.  The independent adjusting firm 

never had a contractual relationship with the Plaintiff insured.  The Plaintiff-insured 

contended that, among other things, the independent contractor negligently investigated 

and evaluated the claims and then changed its evaluation of the case based on pressure 

from its client.  The Court held that claims that an independent adjusting firm negligently 

investigated a claim against an insured must fail as a matter of law, citing case 

precedence.17  The Court held that the independent adjusting firm hired exclusively by the 

insurance carrier, had no relationship with, and therefore owed no duty to, the Plaintiff-

insured.  The Court went on to state: Absent such a relationship and concomitant duty, 

the independent adjusting firm could not be liable to Dear for improper investigation and 

settlement advice, regardless of whether the Plaintiff-insured phrased his allegations as 

negligence, bad faith, breach of contract, tortious interference, or DTPA claims 

[emphasis added].18   

 The court in this case established a far-reaching principle that is potentially 

applicable to engineers and third-party claims.   

2.4 Engineer’s Duty to Non-Clients 
The Corpus Christi Court of Appeals considered the implication of a “client 

relationship” on the required duty.  In the case Hartman v. Urban,19 the Court considered 

whether an engineer owes any duty of care in the preparation of the original plat of the 

subdivision or to correct of record any errors the plat contained.  A developer hired an 

engineering firm to prepare a plat, which was filed of record.  The third-party Plaintiff 

sued the engineer, whom they never retained, alleging that they bought waterfront land 

based upon representations made in his filed plat.  The Plaintiff asserted that the 

engineer’s representations in its incorrect plat constituted negligence, among other things.  

                                                 
16 See Dear v. Scottsdale Ins. Co., 947 S.W.2d 908, 916 (Tex.App.—Dallas 1997).   
17 See Bui v. St. Paul Mercury Ins. Co., 981 F.2d 209, 210 (5th Cir.1993).   
18  See Dear, 947 S.W.2d at 917.   
19 See Hartman v. Urban, 946 S.W.2d 546 (Tex.App.—Corpus Christi 1997).   
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In reaching its decision, the Court considered legal precedence in similar cases and 

certain facts, including: (1) the duty of care that the engineer owed to the third-party 

Plaintiff based on analogies to other similar professions: lawyers20 and medical doctors;21 

(2) the fact that the developer hired the engineer to plat a subdivision; (3) the fact that the 

purpose of the subdivision was to sell lots to the public after the subdivision was 

approved; (4) the fact that the engineer should have known that it would be for sale to the 

public and would probably be bought; (5) the fact that the engineer was hired by the 

owner of the property to lay out the lots so the subdivision could be created; (6) the fact 

that the developer, once the engineer had prepared a plat to its liking, had it approved and 

filed it; and (7) the fact that the engineer delivered the corrected plat to the developer 

after the engineer corrected his mistake.   

Under these facts, the Court held that no privity existed between the engineer and 

the Plaintiff.  Thus, the Court held that the engineer did not owe the Plaintiff a duty of 

care in the preparation of the original plat of the subdivision, nor to correct of record any 

errors the plat contained.22   

This case, in the author’s opinion, is also bad principle.  Courts have also 

consistently held that accountants23 and lawyers24 owe a duty to nonclients not to make 

misrepresentations.  One could easily argue that the erroneous plot plan constituted 

actionable negligent misrepresentation.  As such, a court may decide the Dear case 

differently today. 

2.5 Engineer’s Duty under Contract 
The Houston [1st District] Court of Appeals considered the implications of a 

contract on duty.  In I. O. I Systems, Inc., v. City of Cleveland, Texas,25  IOI and the City 

of Cleveland, Texas (City) had entered into said contract for the construction of sanitary 

sewer improvements in Cleveland.  Bayshore Engineers, Inc. (BEI) and C. Dieter Ufer 

                                                 
20 See Barcelo v. Elliott, 923 S.W.2d 575 (Tex.1996) (Professional duty of care to a testator or settlor to 
draft a will or trust does not extend to persons named as beneficiaries under the will or trust).   
21 See Krishnan v. Sepulveda, 916 S.W.2d 478 (Tex.1995) (Duty to provide competent medical care 
extends to patient and not husband).   
22 See Hartman, 946 S.W.2d at 550.   
23 See Shatterproof Glass Corp., 466 S.W.2d 873, 880 (Fort Worth 1971, writ ref’d n.r.e.) 
24 See Barcelo S.W.2d at 577. 
25 I.O.I. Systems, Inc. v. City of Cleveland, Texas, 615 S.W.2d 786, 790 (Tex.Civ.App.---Houston [1st Dist.] 
1980, writ ref'd n.r.e.). 
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(Ufer) designed the plans for this project and served in a supervisory capacity, although 

they did not act as resident inspectors for the project.  There was never any contract 

executed between BEI, Ufer and IOI.  During construction, IOI encountered water in the 

trench where the pipes were to be laid.  At this time, IOI realized there might be problems 

with this construction and requested Ufer and the City to remedy the problem.  In order to 

correct the situation, additional fill material was needed for which neither City nor IOI 

would agree to pay.  After pumping the visible water out of the trench, but without 

adding the fill material, IOI continued the project.  Subsequently, six breaks resulted in 

this pipeline.  IOI fixed these breaks, receiving approximately $4,000.00 from the City to 

pay for liners to repair the pipes.  However, IOI alone spent an additional $91,000 on 

these repairs.  The court held that in contracting for personal services, an architect's or 

engineer's duty depends on the particular agreement entered into with his employer.26   

2.6 Engineer’s Duty to Non-Clients under DTPA 
The Houston [14th District] Court of Appeals considered an engineer’s duty, 

under the DTPA, related to a “special relationship” in Dagley v. Haag Engineering Co.27  

In that case, State Farm Insurance Company hired Haag to perform certain engineering 

services on five homes with regard to the hail storm.  Prior to the storm, Haag also had 

provided State Farm with materials regarding the evaluation of hail storm damage.  Those 

materials generally state that hail stones less than one inch in diameter will not cause 

damage to composition shingle roofs.  The Plaintiffs contended that based on Haag's 

estimates that the hail stones were 1/2" to 3/4" in diameter, State Farm's rejection of their 

claims was "preordained."  They brought claims against Haag for negligence, conspiracy, 

tortious interference, and violations of the Texas Deceptive Trade Practices Act 

("DTPA") and the Texas Insurance Code related to wrongful denial of their claims.  The 

Court noted that none of Haag's alleged misrepresentations were directly communicated 

to the Plaintiffs.  State Farm hired Haag to investigate certain hailstorm damage claims, 

and Haag submitted its evaluation materials, findings, and opinions to State Farm, not to 

the Plaintiffs.  The Court held that, under these circumstances, in the absence of a special 

                                                 
26 Citing Cobb v. Thomas, 565 S.W.2d 281 (Tex.Civ.App.--- Tyler 1978, writ ref'd n.r.e.).   
27 See Dagley v. Haag Engineering Co., 18 S.W.3d 787 (Tex.App.—Houston[14th Dist] 2000). 
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relationship, Haag cannot be liable under the DTPA for its alleged improper 

investigation of the Plaintiff’s claims. 

2.7 Engineer’s Ethical Duties 
 Aside from legally recognized duties, an engineer must also be mindful of his 

ethical obligations under the Rules of Professional Conduct.  While the engineer’s 

violation of an ethical rule may, or may not, make one liable to a third party, the Texas 

Board of Professional Engineers certainly can impose sanctions when violations of their 

rules occur.  Of importance, without limitation, are the following engineering ethical 

principles for considerations: 

• Engineers Shall Protect the Public.28 
(a) Engineers shall be entrusted to protect the health, safety, 
property, and welfare of the public in the practice of their 
profession. The public as used in this section and other rules is 
defined as any individual(s), client(s), business or public entities, 
or any member of the general population whose normal course of 
life might reasonably include an interaction of any sort with the 
engineering work of the license holder.  
(b) Engineers shall not perform any engineering function which, 
when measured by generally accepted engineering standards or 
procedures, is reasonably likely to result in the endangerment of 
lives, health, safety, property, or welfare of the public. Any act or 
conduct which constitutes incompetence or gross negligence, or a 
criminal violation of law, constitutes misconduct and shall be 
censurable by the Board.  
(c) Engineers shall first notify involved parties of any engineering 
decisions or practices that might endanger the health, safety, 
property or welfare of the public. When, in an engineer’s 
judgment, any risk to the public remains unresolved, that engineer 
shall report any fraud, gross negligence, incompetence, 
misconduct, unethical or illegal conduct to the Board or to proper 
civil or criminal authorities.  
(d) Engineers should strive to adequately examine the 
environmental impact of their actions and projects, including the 
prudent use and conservation of resources and energy, in order to 
make informed recommendations and decisions. 

• Engineers’ Actions Shall Be Competent29 
(a) Engineers shall practice only in their areas of competence, in a 
careful and diligent manner, and in conformance with standards, 

                                                 
28 Rules Concerning the Practice of Engineering and Professional Engineering Licensure §137.55 
29 Id. at §137.59 
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laws, codes, and rules and regulations applicable to engineering 
practice. 
(b) The engineer shall not perform any engineering assignment for 
which the engineer is not qualified by education or experience to 
perform adequately and competently. However, an engineer may 
accept an assignment which includes phases outside of the 
engineer’s area of competence if those other phases are performed 
by legally qualified consultants, associates, or employees. 

• Engineers’ Responsibility to the Profession.30 The engineer shall endeavor to 
meet all of the applicable professional practice requirements of federal, state 
and local statutes, codes, regulations, rules or ordinances in the performance 
of engineering services. 

 

2.8 Miscellaneous Principles 
Other principles worth noting, for purposes of liability management and related to 

the construction industry, are as follows: 

• Existence of duty.  In an action under negligence, the preliminary 

“threshold” issue is the duty of care, if any, that the Defendants owed to 

the Plaintiff.31  The existence of a duty is a question of law for the court to 

determine from the facts surrounding the particular occurrence.32   

• Privity of Contract.  Courts have held, in construction contracts, a 

subcontractor is usually in privity only with the general contractor and 

cannot assert a claim against the owner.33 

• Third- Party Beneficiary.  A third party can recover on a contract only if 

(1) the contracting parties intended to secure a benefit to the third party; 

and, (2) the contracting parties entered into the contract directly for the 

third-party’s benefit.34  The agreement must clearly and fully express an 

intent to confer a direct benefit to the third party.35 

• Standard of Care.  Courts have held that professional negligence in the 

context of engineering services means doing that which an engineer of 

ordinary prudence in the exercise of ordinary care would not have done 

                                                 
30 Id. At §137.63(b)(1) 
31 See Greater Houston Transp. Co. v. Phillips, 801 S.W.2d 523, 525 (Tex. 1990).   
32 See Greater Houston 801 S.W.2d at 525.   
33 See City of LaPort v. Taylor, 836 S.W.2d 829, 831 (Tex.App.—Houston [1st Dist] 1992, no writ). 
34 See Stine v. Steward, 80 S.W.3d 586, 589 (Tex. 2002).   
35 Id. at 589.   
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under the same or similar circumstances or failing to do that which an 

engineer of ordinary prudence in the exercise of ordinary care would have 

done under the same or similar circumstances.  The standard of care must 

be established by the testimony of a qualified expert.  To qualify as an 

expert able to set the standard of care for a given profession, the witness 

must be licensed in the same profession.36 

 

                                                 
36 Citations omitted. 
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Section 3. Tools of Liability Management 
3.1 Common Methods 

As stated earlier, liability management is defined as the application of general 

liability principles, in conjunction with available tools, to minimize the potential 

economic impact of an incident. Now that we have discussed the theory of liability, and 

certain legal principles relating to the engineering, we turn to the tools of liability 

management.  There are many tools used in the management of liability, including: 

• Insurance contract 

• Contract 

• Peer Review 

• Empty Shell 

• Other tools, such as disclaimers, confidentiality policies, etc. 

3.2 Insurance Contracts 
Insurance contracts are very commonly used to manage liability.  The terms, 

conditions, and protections offered by the policy vary widely.  Premiums, however, can 

be expensive, and the deductible can be high.  In addition, insurance attracts lawsuits.  

And, conversely, the lack of insurance discourages lawsuits.  Plaintiff’s lawyers, who are 

paid a percentage of any money recovery, will not invest their money in developing a 

case unless they think they will win money.  In general business, common types of 

policies include: 

• Errors and omissions, i.e., professional liability 

• General comprehensive 

• Automotive liability 

• Specialty equipment coverage 

• Workers’ Compensation Insurance 

In the context of foundation design, E&O insurance is intended to cover most 

“negligence” related incidents.  Note, however, that an E&O policy may not cover 

contract actions, ethics violations, or intentional torts.  As such, insurance should only be 
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considered a portion of a liability management plan.  When selecting coverage for your 

company, consider the following: 

• The financial health of the carrier matters.  Nothing is worse than 

paying premiums and then having the carrier default.  Obtain ratings 

from various services to ensure the carrier is sound.  Also note that 

Texas law may or may not regulate the carrier. 

• Select the appropriate coverage for your business.  A particular policy 

may exclude a significant portion of your business areas.   

• Select the appropriate type.  There are many different types of 

insurance polices, such as “term,” “claims made,” “claims made and 

reporting,” etc.  Understand the difference between the available 

policies and understand what you purchase.   

• Determine whether the policy provides for the cost of defense.  The 

attorney’s fees for the defense of a case, however meritless the claims, 

can be significant.  Policies may or may not include the cost of defense 

in the limits.  

• Select the appropriate deductible.  The selection of an appropriate 

deductible can be critical.  A $25,000 deducible may not provide any 

coverage for a $20,000 claim.  Consider selecting a deductible that 

correlates with your average fee per project. 

• Expect to pay.  Insurance is expensive and is usually a function of your 

projected revenue.  The cost of insurance is generally incorporated into 

company pricing. 

• Know the policy.  Understand exclusions, or areas where the policy 

does not provide any coverage.   

• Comply with the policy.  Compliance with the policy is usually a 

condition precedent to coverage.  Failure to comply may forfeit your 

rights under the policy.  Failure to timely pay premiums, and/or failure 

to properly or timely notice claims, may waive possible coverage of a 

claim.   
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3.3 Contracts 
 Contractual protections can also be effectively implemented in a liability 

management plan.  Such contractual protections, however, are usually under utilized.  

Consider the principles discussed earlier: 

• Absent such a special relationship and concomitant duty, an  

independent adjusting firm is not be liable to plaintiff-insured for 

improper investigation and settlement advice, regardless of whether 

the Plaintiff-insured phrased his allegations as negligence, bad faith, 

breach of contract, tortious interference, or DTPA claims; 

• Absent privity of contract, the engineer did not owe a third-party 

Plaintiff a duty of care in the preparation of the original plat of the 

subdivision, nor to correct of record any errors the plat contained 

[potentially bad principle]; 

• In contracting for personal services, an architect's or engineer's duty 

depends on the particular agreement; and,  

• In the absence of a special relationship, an engineer cannot be liable 

under the DTPA for its alleged improper investigation of a third 

party’s claims.   

These principles clearly demonstrate the importance of a contract.  Standard 

contracts are widely available from professional associations, such as the AIA.  Fees for 

standard contracts are typically per use and can be less than $5.00.  For most residential 

and light commercial construction projects, the contracts do not have to be complicated.  

Standard “terms and conditions,” or TC’s can be attached to, and reference in, proposals.  

When evaluating the use of a potential contract, consider the following: 

• The contract must identify the client.  Consider the situation where an 

architect instructs you to design a specific change to the construction 

drawings and charge the builder.  The client also has implications as 

far as “duty,” “privity,” and “third-party beneficiary,” as noted above.  

Does your contract identify the client and any third-party 

beneficiaries? 
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• The contract should clearly identify the scope of services.  Each party 

to the contract may have different expectations, which can lead to 

problems.  When the contract clearly defines scope, each party 

understands his or her responsibilities.  Is your contract too vague? 

• The contract should attempt to limit or cap damages.  Consider the 

situation where an owner incurs damages due to a delay in completion 

caused by an error in your drawings.  As noted above, damage to real 

property and improvements may consist of “foreseeable damages” 

which could arguably include lost profits.  Does your contract limit 

damages? 

• The contract should specify applicable design standards.  Consider the 

situation where an architect fails to communicate design or loading 

changes, or a change in the building layout.  Does your contract 

identify the applicable codes? 

• The contract should be clear regarding jobsite safety.  The contract 

should require Workers’ Compensation insurance, as appropriate.  

Who is responsible when a contractor, or sub, sustains personal 

injuries?  What about injuries to third-party bystanders?   

• The contract should be clear on any construction inspection 

requirements.  A properly designed, but improperly constructed, 

foundation can still be a problem.  Who is responsible for inspection? 

• The contract should be crystal clear on payment.  Nothing is worse 

than performing a service and not getting paid.  Does your contract 

include provisions to ensure timely payment? 

• The contract should address mechanics and materialmen’s liens.  

Texas law has specific requirements for liens, and the failure to 

comply invalidates any lien claims.  Can your contract create a lien? 

These suggestions are not intended to be all inclusive.  Rather, this is merely a list 

to evaluate contractual protections.   
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3.4 Peer Review 
 Another method of minimizing liability is the use of a “peer review” process.  

Peer review is a method of quality control where a second engineer or company reviews 

the final work product for errors or omissions.  A peer review is based on the principle 

that professional negligence means doing that which an engineer of ordinary prudence in 

the exercise of ordinary care would have done under the same or similar circumstances.  

Having two engineers independently verify work significantly reduces claims that the 

engineer did not exercise “ordinary care.”  Peer review within their office is highly 

effective and should be incorporated into every project.  On complex projects, the 

engineer should suggest and encourage third-party peer reviews.  When implementing a 

peer review process in a liability management plan, consider the following: 

• The scope of any review should be clearly established so that both 

parties understand exactly what each other is doing. 

• The process should be established for its particular purpose.  What 

types of errors are you trying to minimize, i.e., standard details, 

general notes, etc.? 

• The process may require written procedures.  Note, however, those 

written procedures are subject to discovery after an incident occurs.  If 

you have procedures, you better well comply with your own 

procedures, or that fact will be used against you.   

• Respective liability should be clearly apportioned.  The peer review 

may contractually accept some or none of any resulting liability.   

3.5 Empty Shell 
An empty shell is an entity formed under law that owns no assets.  Contractors 

typically use empty shells, and this technique can be effective.  When an incident occurs, 

the contractor simply goes out of business.  Proper application of an empty shell depends 

entirely on the specific circumstances. 

When utilizing an empty shell, make sure you comply with all formalities of the 

applicable law.  Failure to comply with formalities may subject investors to personal 

liability, which effectively defeats this method.   
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For engineers, the interaction of the licensing laws makes the empty shell difficult 

to apply.  If an action is based on negligence, the plaintiff may name the individual 

personally who sealed the drawings in an effort to force his employer to pay damages.  

Nonetheless, this method can be effectively used to limited potential liability. 
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Section 4. Application of Liability Management 
 Now that we have discussed the theory and certain principles of liability, and we 

have discussed commonly available tools, we turn to examples of the application of 

liability management.  The discussion and analysis of these examples are for illustrative 

purposes only, as the actual analysis may widely vary between applications.   

 

Example 1: An architect retains an engineer to design a foundation for a residence for a 

builder.  After the house is complete, it is sold to a buyer.  Months after the sale, the 

foundation moves excessively interfering with normal use.   

 Potential parties: architect, engineer, builder, and buyer.   

 Major Causes of action: the buyer may have a cause of action against the 

builder for breach of contract (among others); the builder may have a 

cause of action for breach of contract against the architect; the architect 

may have a cause of action for breach of contract and negligence against 

the engineer.  (As for the buyer and the builder, they lack privity of 

contract with the engineer. Yet, the buyer may attempt a DTPA and 

negligence claims against the engineer.) 

Potential Damages: Costs to repair plus damages for loss of use; potential 

valuation damage (market value of home in the intended condition); and, 

attorney’s fees under theory of breach of contract. 

Guiding Principles: The engineer’s duty to non-clients is limited.  

However, if the engineer was actually negligent, he would be liable to his 

client, the architect.   

Possible Liability Management Plan: Peer review to minimize design 

mistakes; written contract to govern architect’s claims, to cap damages, 

and to limit the third-party beneficiary (the builders and the buyers) 

claims; E&O insurance to protect against negligence claims from client 

and from third parties.   

Alternative Liability Management Plan: Empty shell. 
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Example 2: A property owner retains an engineer to design a foundation for a structure 

that was designed by an architect.  Months after completion, the foundation moves 

excessively interfering with normal use. 

Potential parties: property owner, engineer, architect.   

 Major Causes of action: the property owner may have a cause of action for 

breach of contract and negligence against both the engineer and the 

architect (the property owner retained them both).   

Potential Damages: Costs to repair plus damages for loss of use; potential 

valuation damage (market value of home in the intended condition); and, 

attorney’s fees under theory of breach of contract. 

Guiding Principles: The engineer’s duty to clients is doing what an 

engineer of ordinary prudence in the exercise of ordinary care would have 

done under the same or similar circumstances; and the engineer’s duty is 

governed by the contract.   

Possible Liability Management Plan: Peer review to minimize design 

mistakes; written contract to govern resolution of the claims and to cap 

damages; E&O insurance to protect against negligence claims.   

 

Example 3: An architect retains a geotechnical engineer to perform soil testing and 

provide recommendations that a structural engineer uses to design a foundation.  

(considering only the geotechnical engineer’s position related to the structural engineer) 

Potential parties: architect, structural engineer.   

 Major Causes of action: the architect may have a cause of action for 

breach of contract and negligence against the geotechnical engineer and 

the structural engineer.  The structural engineer may have a claim for 

negligent misrepresentation against the geotechnical engineer.   

Potential Damages: actual damages based on negligent misrepresentation 

claim (which would consist of the costs to repair plus damages for loss of 

use, potential valuation damage) (no attorney fees for negligence claims). 

Guiding Principles: In the absence of a special relationship, an engineer 

cannot be liable under the DTPA for its alleged “misrepresentations” to a 
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third-party when the communications are not directed to that third-party.  

Note, however, this principle as stated earlier is highly questionable and 

may not provide any legal protection.   

Possible Liability Management Plan: Peer review to minimize design 

mistakes; written contract to govern architect’s claims and to cap 

damages; E&O insurance to protect against negligence claims from 

engineer; application of engineering ethics to protect confidentiality and 

limit third-party claims. 

 

 Liability management is defined as the application of general liability principles, 

in conjunction with available tools, to minimize the potential economic impact of an 

incident.  We discussed the theory of liability, we examined certain legal principles 

relating to the engineers, and we examined tools used to minimize the economic impact.  

As with clothes, rarely does “one size fit all” when managing potential liability.  Each 

company must identify its own business areas and its guiding principles.  Using 

appropriate insurance, standard contracts, and peer reviews as tools can effectively 

manage the potential liability.  As illustrated in the examples, a blended approach usually 

provides the best protection at an economic cost when things go wrong.     
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Liability Management
The application of general liability principles, in conjunction with available

tools, to minimize the potential economic impact of an incident.

Definitions
Potential Parties
Causes of Action

Damages
Guiding Principles

Tools
Examples

Disclaimer: David T. Dorr, PE, esq., is the presenter, and the Law Office of David T. Dorr, PC, is solely responsible for its content.  The contents of
this presentation are intended for information only; the information should not be substituted for legal advice, as specific legal advice should be
obtained from an attorney after consultation. The principles of engineering liability are highly complex and detailed.  The topics discussed are

offered merely for discussion and not as legal advice.  Any legal advice should be obtained from an attorney after consultation.
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Definitions

*Black’s Law Dictionary, sixth edition, citing Fidelity Coal Co. v. Diamond, 310 Ill.App. 387, 34
N.E.2d 123; Clark v. Lowden, D.C.Minn., 48 F.Supp. 261, 263.

Liability*: The state of being bound or obligated by law or justice to
do, to pay, or to make something; the state of one who is bound by
law and justice to do something which may be enforced by action.

Incident: An incident, in any situation, involves the specific facts and
circumstances that occur.
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Potential Parties
“Clients” “Non Clients”

architect
contractor

subcontractors
other engineers

developers
current owner
future owners
leaseholder
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Causes of Action

• Breach of Contract
• DTPA (Consumer Statute)
• Negligence
• Negligent

Misrepresentation
• Fraud
• Breach of Warranty

• Negligent Infliction of
Emotional Distress

• Breach of Implied
Warranty of Professional
Services

VALID INVALID

DTD Comments: Some causes of action can be assigned
to third-parties!
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Damages

General Special

Compensatory Exemplary Nominal "Attorney Fees"

Damage Types
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Damages: Real Property

"valuation"

Permanent

"cost to repair"

Temporary

Real Property

"valuation"

Destroyed

"cost to repair"

Repairable

Improvement

Real Estate
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Damage: Mental Anguish
• Past and future
• Available in personal injury case
• Must be physically injured; unless:

• Intentional/malicious conduct
• Breach of Duty arising from special relationship
• “Disturbing events”

• Courts have held that plaintiff whose real property
has been damaged by defendant’s negligence
cannot recover mental anguish damages.
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Guiding Principles: Caution

While case law is authority, court decisions and
opinions can vary significantly!

Appeals cost money

JURISDICTION • JURISDICTION • JURISDICTION
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Guiding Principles: Architect’s
Duty to Clients

In the absence of special agreement, an architect is not liable for
faults in construction resulting from defects in the plans, as his
undertaking does not imply or guarantee a perfect plan or a
satisfactory result, it being considered enough that the architect
himself is not the cause of any failure, and there is no implied
promise that miscalculations may not occur. Thus, an architect is
only liable for a failure to exercise reasonable care and skill
[emphasis added].

Ryan v. Morgan Spear Associates, Inc., 546 S.W.2d 678 (Tex.Civ.App.---Corpus Christi 1977, writ ref'd n.r.e).

DTD Comments: Dangerous!  Expert testimony may have
changed result.
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Guiding Principles: Professional’s
Duty to Non-Clients

The Court held that the independent adjusting firm hired exclusively
by the insurance carrier, had no relationship with, and therefore
owed no duty to, the Plaintiff-insured.  The Court went on to state:
Absent such a relationship and concomitant duty, the independent
adjusting firm could not be liable to the Plaintiff for improper
investigation and settlement advice, regardless of whether the
Plaintiff-insured phrased his allegations as negligence, bad faith,
breach of contract, tortious interference, or DTPA claims [emphasis
added].

Dear v. Scottsdale Ins. Co., 947 S.W.2d 908, 916 (Tex.App.—Dallas 1997).

DTD Comments: Dangerous!
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Guiding Principles: Engineer’s
Duty to Non-Clients

The Court held that no privity existed between the engineer and the
Plaintiff.  Thus, the Court held that the engineer did not owe the
Plaintiff a duty of care in the preparation of the original plat of the
subdivision, nor to correct of record any errors the plat contained.

Hartman v. Urban, 946 S.W.2d 546 (Tex.App.—Corpus Christi 1997).

DTD Comments: Very Dangerous!  Could have alleged
negligent misrepresentation.
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Guiding Principles: Engineer’s
Duty to Clients

The court held that in contracting for personal services, an architect's
or engineer's duty depends on the particular agreement entered into
with his employer.

Cobb v. Thomas, 565 S.W.2d 281 (Tex.Civ.App.--- Tyler 1978, writ ref'd n.r.e.).

DTD Comments: Important
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Guiding Principles: Engineer
Ethics

DTD COMMENTS: Not necessary a separate cause of action; BUT:
discipline action could be evidence of negligence; complaints can be
problematic.

Engineers Shall Protect the Public
Engineers’ Actions Shall Be Competent

Engineers’ Responsibility to the Profession 
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Tools of Liability Management

Insurance contracts
Contracts with clients

Peer review
Others
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Example #1: Situation
An architect retains an engineer to design a foundation for
a residence for a builder.  After the house is complete, it is
sold to a buyer.  Months after the sale, the foundation
moves excessively interfering with normal use.
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Example #1: Considerations
Potential parties: architect, engineer, builder, and buyer.

Guiding Principles: The engineer’s duty to non-clients is limited.  However, if the
engineer was actually negligent, he would be liable to his client, the architect.

Causes of Action:

Potential Damages COST TO

REPAIR

LOSS OF

USE

OR

VALUATION

ATTORNEY'S

FEES

BUYERBUILDERARCHITECTENGINEER  

 

NEGLIGENCE

CONTRIBUTION

BREACH OF CONTRACT

BREACH OF WARRANTY

DTPA

CONTRIBUTION

BREACH OF CONTRACT

DTPA

BREACH OF CONTRACT

NEGLIGENCE

DTPA
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Example #1: Possible Plan
• Peer review to minimize design mistakes
• Written contract (1) to govern architect’s claims, (2) to cap damages, and (3)
to limit the third-party beneficiary (the builders and the buyers) claims
•E&O insurance to protect against negligence claims from client and from third
parties.

DTD Comments: Specifics depend on typical project size, etc.
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Example #2: Situation
An architect retains a geotechnical engineer to perform
soil testing and provide recommendations that a structural
engineer uses to design a foundation.

(considering only the geotechnical engineer’s position
related to the structural engineer)
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Liability Management
The application of general liability principles, in conjunction with available

tools, to minimize the potential economic impact of an incident.

Potential Parties
Causes of Action

Damages
Guiding Principles

Tools
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Questions
Liability Management in Foundation Engineering, Dorr, David T.,

September 23, 2005.

Full text available on website: www.davidtdorr.com

David T. Dorr, PE
Law Office of David T. Dorr, PC
2020 North Loop West, Ste 230

Houston, Texas 77018
(713) 957-4413 Telephone
(713) 957-8297 Facsimile
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PREFACE

This document has been developed by a group of foundation repair contractors and consultants in
southeast Texas with the goal to educate and inform those involved in the repair of foundations.

The need for this document was prompted by the lack of satisfactory performance of some
foundation repairs. As a result, this document has been prepared and made freely available to the
public through the Foundation Performance Association at www.foundationperformance.org so
that owners, tenants, realtors, builders, inspectors, engineers, architects, repair contractors, and
others involved with residential and other low-rise building foundations may benefit from the
information it contains.

This document was written specifically for use in the southeast region of the state of Texas and
primarily within the City of Houston and the surrounding metropolitan area. Therefore, it should
be used with caution if used elsewhere, or if adapted for foundations other than those supporting
residential or low-rise structures. The Foundation Performance Association and its members make
no warranty regarding the information contained herein and will not be liable for any damages,
including consequential damages, resulting from the use of this document.

http://www.foundationperformance.org/
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1.0 INTRODUCTION

What is foundation repair?

Many methods are available to stabilize foundations from the effects of expansive soils, some which work
better than others. The process of foundation repair usually includes foundation stabilization and the
implementation of one of these methods. This may involve modification of the foundation support system
itself, under pinning with deeper support, the construction of peripheral barriers that function to isolate the
soils under the structure, or the installation of some type of system that attempts to control the moisture
content of the soils or the molecular action of the clay when the moisture content is changed.

In addition to stabilizing a foundation from future movements, foundation repair may also include the
process of restoring a foundation to its original constructed position by using some type of leveling
procedure.  This usually involves jacking the concrete grade beams at the lower portions of the foundation
upward until they are level with the other areas, and then re-supporting the grade beams at the areas that
have been raised.  In limited circumstances, lowering high areas may be possible by supporting the
foundation in the high area, excavating a void, and then lowering the foundation with the installed support.
In some cases, it may be desirable to level and then raise the whole ground floor even higher than the
original constructed position. The leveling procedure may also include the injection of grout or foam under
the low areas of the slab-on-grade.

Generally, in the southeast Texas area, damage to residential and low-rise buildings as a result of
foundation movements, is most often due to changes in moisture content of expansive soils. Damage may
occur to components of the superstructure, the foundation, or both. In some cases, foundation repair can
simply consist of only repairing damage that occurred to the foundation elements.

Why does foundation repair sometimes fail?

Aside from the possibility of a manufacturing defect, the success or failure of the product installed can be
governed by the experience of the inspector, engineer, or contractor. A lack of good quality control by the
contractor or improper foundation maintenance by the property owner can adversely affect the longevity of
the foundation repair. These and many other things can go wrong when repairing a foundation.

Piers or pilings will not prevent foundation uplift unless they are designed to do so. The type of repair piers
or pilings that are most commonly used for residential and low-rise building repairs in the Houston area are
not tied to the grade beams, and thus cannot prevent foundation uplift due to heaving soils.

Heave or uplift is not generally considered to be a failure of the piers or pilings, but if it occurs, the piers or
pilings could be perceived to have failed since they are part of the overall foundation system. If heaving is
a concern, the entire ground floor system should be lifted above the maximum potential vertical rise of the
soils.  Leaving a void between the soils and the slab allows space, which can accommodate the heaving soil
without causing the foundation to heave.  In this case, the piers or pilings must have sufficient depth and
tensile resistance to resist the uplift forces resulting from friction along the pile or pier surface from the
upward moving soil.

Foundation uplift is an example of post-foundation-repair performance that may be incorrectly attributed to
a defect in a particular foundation repair method.  Included in this document is a partial list of systems used
to help repair foundations and the ways they can fall short of acceptable performance. These lists are
provided in order to assist building owners, and others who may not be familiar with foundation repair
techniques, in identifying the cause of poor post-foundation-repair performance.
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2.0 FOUNDATION REPAIR SYSTEMS

Below is a description of some foundation repair systems and typical problems that cause poor
performance. Please note that in order for most of these systems to perform properly, the moisture content
of the soils under and around the perimeter of the foundation must be maintained a constant, and
stormwater drainage must be directed away from the foundation. Improper drainage can cause continued
movement to the repaired slab because of the resulting fluctuations in moisture content of the expansive
soils that may occur. Continuously saturated soil is detrimental to the foundation and the repair piers. In
some instances, void boxes under the slab or grade beams can fill with water due to improper drainage and
are believed to be the cause of differential movement.

2.1 Mud Jacking

Mud jacking is a procedure whereby a foundation is lifted by pressure injecting a slurry composed of sand,
fly ash, or topsoil and cement between the slab and the soil. Some reasons why this type of repair might fail
are:

A. If the soil moisture content changes, the slab can move.
B. This is a shallow repair system effected by active moving soil
C. Moisture changes from broken sewer or water pipes under the slab
D. Trees allowed to grow within close proximity of the slab
E. Extreme seasonal moisture changes
F. Poor drainage
G. Mud can become entrapped by tree roots, pipes, or unknown objects and cause an uneven lift
H. Failure to control the amount of mud injected can cause upward bulging or cracking of the concrete

slab
I. Excessively high pressures from injected mud can cause damage due to blowouts
J. If underground utility lines have holes or cracks, the grout may possibly enter the holes and fully or

partially plug the lines

2.2 Foam Injection

Generally foam injection is used to lift low areas of a slab by injecting a urethane based foam
material under the slab area.  The foam expands creating pressure to raise the slab.  After
the injections, the lifted area of the slab will sit on the foam.

A. If the soil moisture content changes, the slab can move
B. This is a shallow repair system effected by active moving soil
C. Moisture changes from broken sewer or water pipes under the slab
D. Trees allowed to grow within close proximity of the slab
E. Poor drainage
F. Extreme seasonal moisture changes
G. Improper mixture of chemicals used to create expanding foam
H. Failure to control the amount of foam injected can cause upward bulging or cracking of the concrete

slab
I.    Prior to hardening, excessive water from an overly wet foam mix can seep into expansive soils,
      increase the moisture content, and cause local heave and out-of-levelness
J.   Excessively high pressures from injected foam can cause damage due to blowouts
K.  If underground utility lines have holes or cracks, the foam may possibly enter the holes and fully or
      partially plug the lines, particularly if the foam is pressurized
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2.3 Spread Footings / Block and Base

Spread footings are most often wide, cast in place concrete pads, placed under a footing to spread the load
and reduce pressure on the soil.  On expansive soils, the bottom of a spread footing may be several feet
below the surface.  Block and base structures will typically have the floor held above the ground on wood
or concrete supports placed on a wider base of precast concrete.  There is usually an air space to allow
ventilation for the wood components and access for maintenance.

2.4 Drilled Piers

Drilled piers are a cast in place foundation support system.  This system can be a drilled straight shaft, or a
drilled straight shaft with an under ream at the base commonly referred to as a bell.  A hole is excavated in
the soil.  Steel reinforcement is placed in the shaft.  Redimix is placed in the hole and vibrated.  The main
support on this system comes from the bottom of the pier with some additional support obtained through
skin friction on the sides of the shaft.  The concept is to achieve support below the active zone of the soil to
minimize future movement.

A. Foundation sagging may occur from blocks placed too far apart
under the wood beams

B. Improper drainage or ponding of water under the house can allow
the blocks to move, settle, or tilt

C. Incorrect material can be overloaded, overstressed, and break
allowing sag of the supporting beam

D. Seasonal moisture changes
E. Improper depth and placement of base, supporting blocks, and

shims
F. Improper size of base blocks

A.    Improper depth of pier may allow pier to move
B.    The soil condition is not conducive to construction of drilled piers
C.    If required, improper bell at bottom of pier
D. Improper drainage may cause piers to move
E. Too much load on pier
F. The soil packs or shears at bottom of the pier
G. The cap or head of the pier is not thick enough and can allow the head to crack
H. Improper reinforcing steel placement may allow the pier to crack
I.    Improperly shimmed
J.    Seasonal moisture changes on shallow drilled piers may allow the pier to settle
K. Shaft installed at too steep of an angle can allow the pier to lay over or become
          overstressed when weight is applied
L.    Failure to vibrate or low slump concrete may allow the concrete to honeycomb
M.   Collapsing of the soils within the bell or sloughing of the soils along the shaft can
          result in the accumulation of loose fallen materials at the base of the pier, which
          could lead to settlement of the pier when these loose materials are compacted
          under the applied bearing pressures.
N.   Any gaps that occur around the shaft of the pier (e.g. from drying action of the
          soil) can later serve as a free path for infiltrating water to reach the lower inactive
          zone of the soil and cause detrimental heaving of the pier
O. Sometimes the pier is installed properly, but blocks, pads, cylinders, or a rock on

      the beam bottom may shatter, allowing the beam to resettle.   
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2.5 Pressed Piles

Pressed piles are precast concrete sections pressed into the ground using the weight of the structure being
supported as ballast for resistance.  Concrete sections are stacked one on top of the other and pressed into
the ground until the pile stops going down and the structure begins rising.  The main support in this system
is the skin friction generated up the side of the pile as it is pressed into un-dug soil.  Some support is also
gained by the soil compressed under the base of the pile.  The concept of this system is to achieve support
below the active zone of the soil to minimize future movement.

   

   

A. The structural problems are not conducive to pressed pile, for example,
insufficient steel in the beam/slab or not enough weight to allow driving
pile to the proper depth

B. Pile caps or cylinders can break during installation. If not corrected
further settling may occur

C. If the contractor did not shim immediately after driving pilings, the piling
will spring back if bulb of pressure at the base of the pile is not
maintained

D. Shallow piling not driven sufficiently below the moisture active zone can
continue to settle as seasonal moisture changes occur

E. Drought can cause skin friction to release at shallow depths
F. Sometimes the piling will hold, but blocks, pads, cylinders, or a rock on

the beam bottom may shatter, allowing the beam to settle
G. Improper moisture close to the pile from poor drainage or from leaking

sewer or water lines can cause the pier to move
H. Water jetting may be used to install the piles through stiff sandy soils,

which can locally introduce large amounts of water, increase the moisture
content of expansive soils, and cause heave of the pile

I. The cylindrical segments may not be driven vertically due to
misalignment when starting the first cylinder, or by being deflected
laterally by tree roots, rocks, or calcareous nodules in the clay soils,
which in turn could lead to a reduction in the vertical load capacity of the
pile, or stress concentrations due to uneven load bearing that could result
in crushing the concrete

J. Unreinforced pressed piles that do not have a central steel bar or cable
running along the center of the pile are subject to potential differential
lateral movements between the upper most concrete segments
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2.6 Steel Pipe Piles

Steel pipe piles are pressed in the ground using the weight of the structure to be supported as resistance.
Steel sections are pressed into the ground one on top of the other until the needed resistance is met or onto
rock or other load capable strata.  The main support with this system is skin friction generated up the side
of the pipe sections unless pressed down onto rock or other load capable strata.  This system attempts to
gain support for the foundation down past the active moisture zone of the soil to minimize future
movement.

                                                                                                                                   

2.7 Helical Piers

The helical pier foundation system is an end-bearing anchor screwed into the soil by hydraulic drive
equipment.  Helical piers are steel pipe or solid square stock with helix plates attached at intervals.  As the
shaft is rotated, it screws into the soil.  Anchors are driven to the required torque to obtain the needed
capacity.  Once installed, the bracket is used to transfer the weight of the structure from the foundation to
the pier permanently.

                                                                                                                     

A. If not pushed to refusal, the shallow pipe pile may move as seasonal
moisture changes occur

B. If not pushed at the correct angle, the pipe pile may lay over or bend
when the full load is applied

C. The pipe pile can be overloaded, causing the shaft to bend
D. Improper moisture close to the pile such as poor drainage or a leaking

sewer or water line can cause the pier to move
E. The structural problems are not conducive to steel pipe pile - for

example, insufficient steel in the beam/slab or not enough weight to
allow driving pile to the proper depth

F. If the contractor did not clamp bracket immediately after driving
pilings, the piling will spring back and loose some bearing pressure.

G. Drought can cause skin friction to release at shallow depths allowing
the pipe pile to move

A. Improper spacing may cause overload of the pier.
B. Piers not installed at the correct angle may allow the

shaft to lay over when weight is applied.
C. Not installing the pier to the proper torque and depth

below the active zone may allow the pier to move with
seasonal moisture changes

D. Improper anchorage of the steel brackets that are used to
support the foundation grade beams to the top of the
helical piers can result in connection slippage and
settlement of the grade beam
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3.0 MAINTENANCE   SYSTEMS

Maintenance systems should not be considered a repair; although they will enhance the performance of the
foundation.  Below is a description of some foundation maintenance systems and typical problems that may
cause poor performance.

3.1 Root Barriers

Root barriers are designed to stop the growth and moisture draw of roots under and in the proximity of the
foundation.  A trench is dug in the intended area and a barrier of concrete, polyethylene, biocide treated
mesh, or other material is placed to block the future growth of roots.  Most barriers are 48” or less.

A. Soil expansion and contraction will occur with seasonal weather changes. The mesh root barrier
will allow moisture to penetrate.  The impervious barriers will not allow moisture to penetrate.

B. Caution should be utilized when water leaks occur between the impervious root barrier and the
slab.  The source of moisture may be from the plumbing lines, sprinkler systems, watering systems,
downspouts, or poor drainage.  The entrapped moisture can allow soil expansion and contraction to
occur, allowing nearby foundations to move.

C. The root barrier may not be deep enough or may have soil above it thereby allowing roots to grow
below or above it.

D. Property owner should remove wayward roots if they grow past the barrier
E. Root barriers that use chemicals to prevent root growth have a limited life and will eventually

become ineffective after ten years.
F. Root barriers that consist of thin membranes such as polyethylene sheeting can be punctured

during installation, allowing small root fibers to penetrate that can eventually grow into large roots
G. The root barrier installation may sever existing tree roots that already extend under the foundation,

and as they wither and die, the surrounding soil could slowly regain its original moisture content,
possibly causing local heave of the soil near the severed roots.

H. If the existing tree roots that already extend under the foundation are large in diameter, the decay
of the severed roots caused by the root barrier installation could potentially lead to local settlement
of the foundation.

3.2 Moisture Barriers

Moisture barriers can be either vertical or horizontal.  Both types are designed to minimize changes in
moisture content under the foundation.  There are many different materials used in the construction of
moisture barriers.  A vertical moisture barrier is installed by excavating into the soil near the foundation
and installing a waterproof barrier.   The depth of the vertical moisture barrier would be determined by the
soil type and site condition.  A horizontal barrier is a waterproof barrier, which extends horizontally from
the foundation and may be above or below grade, as site conditions require.

A. A water leak occurring between the barrier and the foundation beam may cause the slab to move
The source of water may be plumbing lines, sprinkler systems, watering system downspouts, or
poor drainage.

B. Property owner should visually monitor moisture or ponding water adjacent to the foundation.
C. The depth of a vertical moisture barrier may not be adequate, i.e., at or below the depth to constant

suction.
D. The width of a horizontal moisture barrier may not be adequate
E. The barrier may not be properly sealed to prevent moisture penetration
F. The barrier may not have been properly designed
G. Thin membranes used for horizontal or vertical moisture barriers may be punctured or torn during

installation and subsequently allow the transmission of water.
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H. Horizontal moisture barriers such as polyethylene sheeting may be subject to degradation from
ultraviolet radiation from sunlight if left uncovered.

I. Thin membrane vertical moisture barriers may be punctured by the growth of tree roots.
J. Horizontal moisture barrier systems can sometimes result in increasing the amount of moisture in

the soil below the barrier through the process known as hydrogenesis (i.e. cooling of the ground
during the night that causes water condensation of moisture-laden air in the soil on the underside of
the barrier due to the temperature change), which in turn can cause heave.

K. Horizontal moisture barriers consisting of concrete pavement may be compromised by water that
infiltrates through joints that are not properly sealed.

L. Horizontal moisture barriers may eventually "walk away" from the foundation as a result of cyclic
movements due to alternate periods of shrinking and swelling of the supporting soils.

M. The installation of vertical moisture barriers can also cause severing of existing tree roots, which
can lead to the same problems as described above for root barriers.

N. A vertical moisture barrier, which is normally designed to keep water from penetrating under the
building, can also prevent water from migrating outward from underneath the building, which can
amplify heaving action due to a leaking water line underneath the building.

3.3 Perimeter Watering Systems

Perimeter watering systems are used, particularly in expansive soils, to hydrate soils around a foundation to
avoid drying and shrinking of the soils.  Most systems emit a small amount of water on a regular basis to
keep the moisture content even in the soils through nature’s cyclic weather changes.  Systems range from
very simple manually operated, to highly complex automated systems.

A. Electric sensors may malfunction and cease to operate.
B. The system may allow water to run continuously, or not at all.
C. Over watering can cause adverse movement.
D. The soil type may not be conducive to a watering system.
E. Watering around the foundation tends to attract tree roots near the foundation so that cyclical soil

movement is exasperated during periods of high and low moisture.
F. Lack of maintenance by the homeowner can make the system ineffective.
G. For automated systems, loss of power due to severed wires can cause failure of the system.
H. Dramatic foundation settlements could occur if the system is disabled.

____________________________





FPA-SC-01-0 Foundation Design Options for Residential and Other Low-Rise Buildings on Expansive Soils 30 June 2004
Issued for Website Publishing Foundation Performance Association - Structural Committee Page 1 of 41

FOUNDATION DESIGN OPTIONS

FOR

RESIDENTIAL AND OTHER LOW-RISE BUILDINGS

ON

EXPANSIVE SOILS

by
The Structural Committee

of
The Foundation Performance Association

www.foundationperformance.org

Houston, Texas

Document # FPA-SC-01-0

ISSUE  HISTORY  (Only includes issues outside the Structural Committee)

Rev
#

Date Description Subcommittee
Co-Chairs

Subcommittee
Members

A 27 Jan 00 First Issue
X 1 Apr 04 For FPA Peer Review
Y 27 May 04 For FPA Presentation and

Comments
0 30 Jun 04 For Website Publishing

George Wozny
Michael Skoller

Ron Kelm
Bill Polhemus
Lowell Brumley
Jon Monteith
Mari Mes
George Cunningham
John Clark
Toshi Nobe
Nicole Wylie
Denis Hanys
Jim Austin

http://www.foundationperformance.org/


FPA-SC-01-0 Foundation Design Options for Residential and Other Low-Rise Buildings on Expansive Soils 30 June 2004
Issued for Website Publishing Foundation Performance Association - Structural Committee Page 2 of 41

PREFACE

This document was written by the Structural Committee and has been peer reviewed by the
Foundation Performance Association (FPA). This document is published as FPA-SC-01
Revision 0 and is made freely available to the public at www.foundationperformance.org so
all may have access to the information. To ensure this document remains as current as
possible, it may be periodically updated under the same document number but with higher
revision numbers such at 1, 2, etc.

The Structural Committee is a permanent committee of the Foundation Performance
Association. Suggestions for improvement of this document should be directed to the current
chair of the Structural Committee. If sufficient comments are received to warrant a revision,
the committee will form a new subcommittee to revise this document. If the revised document
successfully passes FPA peer review, it will be published on the FPA website and the
previous revision will be deleted.

The intended audiences for the use of this document are engineers, builders, architects,
landscape architects, owners, and others that may be involved in the design or purchase of
foundations and building sites that are located in the southeast region of the state of Texas,
and primarily within the City of Houston and the surrounding metropolitan area. However,
many of the advantages and disadvantages discussed for each of the foundation and site
design options may also apply to other geographical areas with expansive soils. Geographical
areas that potentially have foundation problems similar to those in the Houston area may be
identified as those having large surface deposits of expansive clays with a climate
characterized by alternating wet and dry periods.

This document was created with generously donated time in an effort to improve the
performance of foundations. The Foundation Performance Association and its members make
no warranty regarding the accuracy of the information contained herein and will not be liable
for any damages, including consequential damages, resulting from the use of this document.

http://www.foundationperformance.org/
http://www.foundationperformance.org/
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1.0 INTRODUCTION

The scope of this document is to provide guidance in the selection of design options for
residential and other low-rise building foundations, typically called light foundations, which
are founded on expansive soils. Low-rise buildings are defined as one to four stories in height.
These buildings include houses, garages, apartment and condominium buildings, restaurants,
schools, churches, and other similar structures. Design options for foundation systems,
foundation components, and moisture and vegetation control methods are reviewed and
compared. There are no absolute design rules for choosing a design. This document provides
a list of advantages and disadvantages for each of the many commonly used foundation
design options to assist the designer in selecting the most suitable option.

A brief overview of the design problems associated with expansive soils is provided in
Section 2.0, and general design considerations are presented in Section 3.0. The foundation
design options are categorized into three separate sections. Section 4.0 covers foundation
system design options considering the structural foundation system as a whole. The
foundation systems are subdivided into two groups: deep support systems and shallow support
systems. Section 5.0 addresses design options for various individual structural components of
the foundation systems that are discussed in Section 4.0. Section 6.0 discusses site design
options for moisture and vegetation control systems.

Foundation design options for heavily loaded structures such as mid- to high-rise buildings or
large industrial structures that usually require deep foundations or thick large mat foundations
are not addressed, nor are design options for lightly loaded structures that are not susceptible
to significant damage due to differential vertical movements from soil moisture changes, such
as relatively flexible light gage metal buildings with exterior metal siding and roofing and
wide open interior spaces with no interior partition walls.

2.0 PROBLEM DEFINITION

The challenge with designing building foundations on moderate to highly expansive clay soils
is the potential detrimental effects of differential movements of the foundation structural
elements due to volumetric changes of the underlying and surrounding soils. In simple terms,
expansive clay soils swell and can cause heave with increasing soil moisture, or can dry out
and cause subsidence with decreasing soil moisture.

Movement of expansive soils is caused by fluctuations in the moisture content of soil
particles. Because homogeneous expansive clay soils have very low permeability, fluctuations
in the moisture content of the soils might normally be expected to occur over a very long
period. However, permeability is increased with geotechnical phenomena such as ground
faults, surface fractures due to desiccation of clays, and decomposition of tree roots which
cause fissures and cracks that become widely disseminated over time.
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Due to the repeated wetting, swelling, drying, and shrinking of the clay as it weathers, the
fissures often fill with silt and sand, and create pathways for water that can exacerbate the
infiltration process. Water can also easily move through naturally occurring sand strata, sand
seams, and micro-cracks in clay soil caused by previous shrinkage. High negative pressures,
also known as suction, in clay soils with low water content also increase the tendency for
water to be absorbed into the clay.

Environmental factors other than climatic conditions can also affect expansive soils. Water
extraction by trees and other vegetation, a process known as transpiration, can cause soil
shrinkage. Swelling can be a result of water infiltration into the soil from lawn irrigation
systems, broken water pipes, flooded and leaking utility trenches, poor drainage, or leaking
swimming pools, or it can be a result of slow moisture replenishment and equalization after
the removal of a tree. The combined effect and variability of all of these possibilities make it
difficult to accurately predict expansive soil ground movements.

Foundation movements are considered problematic only if they result in negative phenomena
that detrimentally affect the performance or appearance of the building. The negative
phenomena are considered to be structural if the load carrying capacity of the superstructure
or foundation elements are affected, or are considered to be cosmetic if only the appearance of
the exterior cladding or interior wall, floor, or ceiling finishes are affected. Negative
phenomena can also affect the serviceability the building, such as the opening or closing of
doors.

Negative phenomena due to foundation movement typically occur because of differential
movements between various parts of the building. Differential movements often lead to high
internal stresses in building components resulting as distress in the form of cracks, splitting,
bending, buckling, or separations in the exterior cladding systems such as brick, cement-board
panels, or in the interior finishes such as gypsum drywall panels, wood paneling, and flooring.

3.0 GENERAL DESIGN CONSIDERATIONS

Aside from supporting the building loads, the goal of structural foundation design in
expansive soil areas should be to economically mitigate the detrimental effects of foundation
movement. This can be done by either isolating elements of the foundation system from
potential soil movements or by utilizing design methods and details that help to control the
effects of the movement of the soil.

Movements of expansive clay soils are generally restricted to an upper zone of soils known as
the active zone. The lower boundary of this zone is commonly defined as the line of zero
movement. The depth of the active zone varies from site to site. In the Houston area, this
depth is thought to range from 8 to 20 feet. The depth of the active zone is an important
design parameter used in the engineering design of foundations on expansive soils,
particularly when planning to use deep foundations.
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Another general design consideration is the effect of the magnitude of surcharge pressure on
the degree of swell that can occur. Lightly loaded foundation components, such as concrete
flatwork, pavements, and building slab-on-grade floors, are impacted more by expansive soil
volumetric changes than are heavily loaded foundation components such as heavily loaded
bearing walls. Heavy loads reduce the amount of swell than can occur.

Numerous foundation system design options are available that meet these goals to varying
degrees. Many options are also available in the design and selection of components that make
up these foundation systems; however, choices should be based upon an engineered
geotechnical investigation. Different options are also available in the design of the site around
the foundation and the selection of landscaping components. Advantages and disadvantages
of these options are discussed in the following sections.

4.0 FOUNDATION SYSTEM DESIGN OPTIONS

This section discusses the various types of foundation systems that are commonly used for
residential and other low-rise buildings in the Houston area where expansive soils occur. In
this document, the foundation system is considered to include the structural floor framing
system at or near grade level and all other structural components beneath the building. The
building superstructure consists of all structural elements above the grade level floor.

The foundation systems are subdivided into two groups: deep support systems and shallow
support systems. Each of these systems has an associated level of risk of damage that can
occur to the building superstructure and architectural components due to differential
foundation movements. Each of these systems also has an associated relative cost of
construction. When comparing the various foundation systems, the level of risk is typically
found to be inversely proportional to the level of cost. Higher risks are often accepted due to
economic considerations. For example, shallow support systems typically have a relatively
higher level of risk than deep support systems, but are often selected due to economics and
affordability.

Because risk of damage and economic considerations are involved, building owners and/or
developers need to be involved in the selection process of the foundation system. To assist in
this selection, the foundation systems are generally listed in the order of increasing levels of
associated risk and decreasing levels of construction cost.

4.1 DEEP SUPPORT SYSTEMS

Deep support systems are defined as foundations having deep components such as drilled
piers or piles that extend well below the moisture active zone of the soils. They function to
limit the vertical movements of the building by providing vertical support in a soil stratum
that is not susceptible to downward movements caused by moisture fluctuations.
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4.1.1 Isolated Structural Systems with Deep Foundations

Isolated structural systems are characterized as having a superstructure and a grade level
structural floor system that are designed to be physically isolated from the effects of vertical
movements of expansive soils. This is accomplished by providing sufficient space between
the bottom of the floor system components and the top of the soil that will allow the
underlying expansive soil to heave into the space or subside without causing movement of the
floor system. The structural floor system usually consists of a reinforced concrete slab with a
void forming system and series of grade beams. Other types of materials and framing systems
can be used such as a crawl space, which is created by constructing the floor system above the
ground.

4.1.1.1 Structural Slab with Void Space and Deep Foundations

This foundation system typically consists of a structural reinforced concrete slab with
cardboard carton forms that create a void space that separates the slab from the surface soils.
The depth of the void forms ranges from four to eight inches and depends on the
expansiveness of the soils. The more expansive the soil (i.e. the higher the plasticity index),
the deeper the cardboard carton forms needed. The slab is called a “structural slab” because it
spans between reinforced concrete grade beams that are supported entirely by deep
foundations.

Because of the relatively small void space that is used with this system, the bottom portion of
the grade beams are normally cast directly on the soil, even though they are designed to span
between the deep foundations. The slabs typically range in thickness from four to eight
inches. The reinforcement can consist of a single or double mat of rebar. The structural slab is
designed in accordance with the American Concrete Institute (ACI) publication, Building
Code Requirements for Structural Concrete, ACI 318.

Void forms serve as formwork for the placement of concrete by acting as a temporary
platform that supports the weight of the wet concrete. Void forms typically are made of
corrugated paper arranged in an open cell configuration. The exterior surface may be wax
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impregnated to temporarily resist moisture. The forms are specifically designed to gradually
absorb ground moisture, lose strength, disintegrate over time, and leave a void between the
expansive soils and the concrete slab. If the soil below the concrete heaves, it can expand into
the space created by the void form without lifting the foundation.

TABLE 4.1.1.1 STRUCTURAL SLAB WITH VOID SPACE AND DEEP FOUNDATIONS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Reduces vertical movements of
slab-at-grade due to expansive
soils provided a sufficient void is
maintained under slab and the
supporting deep foundations are
founded sufficiently below active
zone.

 2. Usually outperforms any other
type of foundation system.

 3. Reduces, but does not eliminate,
need for a foundation
maintenance program.

 4. More rigid than a timber framed
floor with crawl space and deep
foundations, resulting in less
differential movement of
superstructure.

 5. Allows a void under
approximately 80–90% of
foundation when void cartons are
not used under grade beams.

 6. No need for select structural fill.
Fill can be comprised of
expansive or non-expansive soil.
Fill need only be compacted to a
density sufficient to support slab
during setup.

 1. Usually results in higher
construction cost.

 2. Can require additional engineering
design effort than a slab-on-grade,
and can result in higher engineering
fees.

 3. Extra time required to construct
structurally isolated floor can
lengthen overall construction
schedule.

 4. Improper carton form installation
can result in void that is insufficient
to provide for anticipated soil
expansion.

 5. Termites can be attracted to moist
cardboard of carton forms.

 6. Grade beams that are in contact with
soil can heave due to swelling of
expansive soils.

 7. Depending on slab elevation, can
allow water to collect below slab.

 1. Slab is constructed about 4 to 8 inches
above the soil using void carton
forms.

 2. Slab is designed to span between
grade beams. Grade beams are
designed to span between deep
foundations.

 3. Slab is more heavily reinforced than
non-structural slab.

 4. Vapor retarders such as polyethylene
sheathing should not be placed below
carton forms. Vapor retarders should
be placed above carton forms in order
to allow moisture to degrade void
boxes.

 5. Usually constructed with no carton
forms below grade beams due to
potential water infiltration into void
and down shafts of deep foundations.

 6. Installation of an expendable hard
surface above carton forms such as
Masonite sheeting will facilitate
construction.

* Compared to other foundation systems as described in Sections 4.1.1 to 4.2.3.
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4.1.1.2 Structural Floor with Crawl Space and Deep Foundations

This foundation system is similar to the previous system, except that the vertical space used to
isolate the floor system is much larger, usually at least 18 inches, which is sufficient to allow
access underneath the floor, hence the name "crawl space". The structural floor system can be
constructed utilizing any of the following common structural components: (a) wood subfloor
and joists supported by wood, steel, or concrete beams;  (b) concrete floor slab and joists
supported by concrete beams; or  (c) steel deck and open web bar joists or cold-formed
sections supported by steel or concrete beams. Other combinations of these floor-framing
components are possible, and other materials can be used such as precast concrete planks or
T-sections.
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TABLE 4.1.1.2 STRUCTURAL FLOOR WITH CRAWL SPACE AND DEEP FOUNDATIONS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Reduces vertical movement of
slab-at-grade due to expansive
soils, provided sufficient crawl
space is maintained under slab
and supporting deep foundations
are founded sufficiently below
active zone.

 2. Usually outperforms any other
type of foundation system.

 3. Reduces, but does not eliminate,
need for foundation maintenance
program.

 4. Void cartons are not required
under the floor.

 5. No need for select structural fill.

 6. Accommodates certain
architectural styles with raised
first floors.

 7. Exposed below-floor plumbing is
accessible.

 8. More suitable for flood-prone
areas since ground floor is
generally higher than for other
foundation systems.

 9. Floor is easier to level than a slab-
on-grade or structural slab with
void space.

 10. Helps to preserve nearby existing
trees by allowing oxygen to root
zones.

 11. Allows a void under
approximately 95% of foundation
when void cartons are not used
under grade beams, or nearly
100% when all beams are raised
completely above grade.

 12. Reduces settlement from soil
shrinkage.

 1. Usually results in highest
construction cost.

 2. Requires more extensive design
effort, and will result in higher
engineering fees.

 3. Takes longer to construct because it
is labor intensive.

 4. Void below floor can collect water if
nearby grade or other surrounding
sites are at a higher elevation.

 5. Less rigid than a stiffened slab,
which can allow more differential
movement of superstructure, causing
more cosmetic distress.

 6. Crawl space can allow sufficient
oxygen for roots to grow, which can
cause soil shrinkage.

 7. Proper drainage must be provided in
crawl space.

 8. Exposed below-floor plumbing can
freeze.

 1. Ground floor is typically constructed
30 to 42 inches above grade, but can
be greater.

 2. Floor beams typically consist of steel,
concrete, or wood beams spanning
between piers over a 12–30-inch high
crawl space.

 3. Also known as Post-and-Beam,
Block-and-Beam, Block-and-
Base, or Pier-and-Beam.

 4. Flooring typically consists of wood
framing, steel framing, precast
concrete planks, or precast double
tees.

 5. Crawl space should be ventilated to
evaporate moisture, which
accumulates due to natural soil
suction, drainage problems, and
plumbing leaks.

 6. Usually constructed with no carton
forms below grade beams due to
potential water infiltration into void
and down shafts of deep foundations.

 7. Vapor retarders, such as polyethylene
sheathing, are not recommended to be
used to cover soils within crawl space.

* Compared to other foundation systems as described in Sections 4.1.1 to 4.2.3.
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4.1.2 Stiffened Structural Slab with Deep Foundations

The stiffened structural slab with deep foundations is the same as the structural slab with void
space and deep foundations with the following exception: the slab is placed, without a void,
over the expansive soils and new fill, and the foundation must be designed to accommodate
the pressures from the swelling soils. The foundation is designed as a “stiffened” slab. The
grade beams form a grid-like or “waffle” pattern in order to increase the foundation stiffness
and reduce the potential bending deflections due to upward movement of the foundation.

Using continuous grade beams in a grid-like fashion helps to reduce differential deflections.
The deep foundations are used to minimize downward movement, or settlement, caused by
shrinking soils. The stiffened structural slab with deep foundations should be designed to
resist heave in accordance with the BRAB 33 (Building Research Advisory Board), Wire
Reinforcement Institute (WRI) publication, Design of Slab-on-Ground Foundations; the ACI
publication, Design of Slabs on Grade, ACI 360R, or the Post-Tensioning Institute (PTI)
publication, Design and Construction of Post-Tensioned Slabs-on-Ground.

TABLE 4.1.2 STIFFENED STRUCTURAL SLAB WITH DEEP FOUNDATIONS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Compaction of new fill below
slab not as critical, and eliminates
need for removing existing non-
compacted fill.

 2. Fill can be comprised of
expansive or non-expansive soil.
Fill need only be compacted to a
density sufficient to support slab
during setup.

 3. Reduces settlement from soil
shrinkage.

 1. Does not limit heave that can occur.

 2. Requires additional design effort and
higher design and construction cost.

 1. Slab is designed to span between
grade beams.  Grade beams are
designed to span between deep
foundations.

 2. Slab is typically 4 to 8 inches thick,
beam spacing is less, and slab is more
heavily reinforced than for stiffened
slab on fill.

 3. Stiffening grade beams should be
continuous across slab.

 4. Slab is more heavily reinforced than
non-structural slab.

 5. Is not designed to prevent foundation
tilt.

* Compared to other foundation systems as described in Sections 4.1.1 to 4.2.3.
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4.1.3 Stiffened Non-Structural Slab with Deep Foundations

This type of foundation system is a stiffened concrete slab that can bear on non-expansive
select structural fill, with the stiffening grade beams spanning to deep foundations. Select
structural fill can be defined as sandy clays with a plasticity index between 10 and 20, and a
liquid limit less than 40. The fill acts as a buffer zone between the expansive soils and the
slab, reducing the potential differential movement of the foundation. The foundation is
designed as a ribbed mat that is “stiffened” with relatively deep and closely spaced grade
beams. The grade beams are laid out in a grid-like or “waffle” pattern and are designed with
sufficient stiffness to reduce the bending deflection caused by shrinking or swelling soils. See
Section 4.1.2 for additional design information.

TABLE 4.1.3 STIFFENED NON-STRUCTURAL SLAB WITH DEEP FOUNDATIONS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Usually less expensive than
structurally isolated systems with
deep foundations.

 2. Slab thickness and reinforcing is
usually less than that of
structurally isolated systems.

 3. Settlement from soil shrinkage is
usually less than that of shallow
supported foundations.

 1. To resist potential uplift forces,
grade beams may need to be deeper
than those of a structurally isolated
system.

 1. Stiffening grade beams should be
continuous across slab.

 2. Select structural fill can be used to
reduce potential vertical rise.

 3. Subgrade and fill, if used, should be
field-verified for conformance to
geotechnical specifications.

 4. Is not designed to prevent foundation
tilt.

* Compared to other foundation systems as described in Sections 4.1.1 to 4.2.3.
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4.1.4 Non-Stiffened Slab-on-Grade with Deep Foundations

This system consists of a slab-on-grade with grade beams under load bearing walls supported
by deep foundations. The foundation will move with the underlying soils. The foundation has
little resistance to soil movement with this system. Perimeter grade beams are typically
provided with this system to support the exterior wall system and to reduce undermining by
erosion. They can also function as a root retarder or vertical moisture retarder. Interior grade
beams are also usually provided under all interior load-bearing walls and shear walls. Interior
columns are typically supported directly by deep foundations.

TABLE 4.1.4 NON-STIFFENED SLAB-ON-GRADE WITH DEEP FOUNDATIONS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Comparatively easy and quick to
construct.

 2. Typically has fewer grade beams
than stiffened slab foundation
systems.

 3. Construction joints and isolation
joints can be used with this
system to allow separate concrete
placements.

 1. Does not significantly reduce
amount of differential vertical
movement that can occur.

 2. More distress to the superstructure
may occur with this system.

 3. Lack of grade beams may not
provide sufficient stiffness for
jacking if future underpinning is
required.

 1. Flat slab rests directly on underlying
soil.

 2. Warehouses, where interior slab
movements can be tolerated, are often
constructed using this method.

 3. Select structural fill can be used to
reduce potential vertical movements.

 4. Subgrade and fill, if used, should be
field-verified for conformance to
geotechnical specifications.

 5. Is not designed to prevent foundation
tilt.

* Compared to other foundation systems as described in Sections 4.1.1 to 4.2.3.

4.2 SHALLOW SUPPORT SYSTEMS

Shallow support foundation systems are defined as foundations having shallow foundation
components that do not extend below the moisture active zone of the soils and are subject to
vertical movements due to volumetric changes of the expansive soils.
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4.2.1 Grade-Supported Stiffened Structural Slab

This foundation system is similar to that discussed in Section 4.1.2, except that the grade
beams are supported directly by the underlying soils instead of spanning to deep foundations.
The key advantage of this system over that discussed in Section 4.2.2 is that the grade beams
need only to penetrate a minimum of six inches into the competent natural soils or properly
compacted fill. Fill placed between the grade beams is only required to be compacted enough
to support the concrete during placement.

TABLE 4.2.1 GRADE-SUPPORTED STIFFENED STRUCTURAL SLAB

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Compaction of new fill below
slab not as critical, and eliminates
need for removing existing non-
compacted fill.

 2. Usually performs better than other
grade-supported slabs.

 3. If fill below slab is loosely
compacted, potential vertical rise
can be reduced as compared to
other grade-supported
foundations.

 4. Faster to construct than slabs with
deep foundations.

 1. May experience more vertical
movement than stiffened slabs on
deep foundations.

 2. More expensive than slab-on-grade
and non-structural systems due to
more concrete and reinforcement.

 3. Requires more design effort than
non-structural slab systems.

 1. Also referred to as a ribbed mat or
"super slab".

 2. Grade beams must be supported by
competent soils.

 3. Slab is designed to structurally span
between grade beams.

 4. Slab is typically 4 to 6 inches thick,
depending on beam spacing.

 5. Grade beams can be wider or more
closely spaced than other grade-
supported slabs.

 6. Stiffening grade beams should be
continuous across slab.

 7. Is not designed to prevent foundation
tilt.

* Compared to other foundation systems as described in Sections 4.1.1 to 4.2.3.
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4.2.2 Grade-Supported Stiffened Non-Structural Slab

This foundation system is similar to that discussed in Section 4.1.3, except that the grade
beams are supported directly by the underlying soils instead of spanning to deep foundations.
It is also similar to Section 4.2.1 except that the entire stiffened slab is supported by the
surface soils that are susceptible to the seasonal moisture fluctuations and movement. The
foundation is designed utilizing continuous stiffening beams that form a grid like pattern.
Grade-supported stiffened slabs should be designed in accordance with the WRI publication,
Design of Slab-on-Ground Foundations, the ACI publication, Design of Slabs on Grade, ACI
360R, or the PTI publication, Design and Construction of Post-Tensioned Slabs-on-Ground.

TABLE 4.2.2 GRADE-SUPPORTED STIFFENED NON-STRUCTURAL SLAB

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Most economical system used
where expansive soils are present.

 2. Faster to construct than slabs with
deep foundations.

 1. May experience more vertical
movement than stiffened slabs
supported on deep foundations.

 1. Stiffened slabs are sometimes called
“waffle” or “floating” foundations.

 2. Grade beams must be supported by
competent soils.

 3. Most commonly used foundation
system in Houston area.

 4. Stiffening grade beams should be
continuous across slab.

 5. Subgrade and fill, if used, should be
field-verified for conformance to
geotechnical specifications.

 6. Is not designed to prevent foundation
tilt.

* Compared to other foundation systems as described in Sections 4.1.1 to 4.2.3.
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4.2.3 Grade-Supported Non-Stiffened Slab of Uniform Thickness

This system consists of a concrete slab-on-grade of uniform thickness with no deep support
foundation components. The slab can be supported on in situ soils or compacted fill. This
foundation system should be designed by the PTI method or other acceptable engineering
methods to resist the potential bending moments induced by the differential deflections of the
slab when subject to expansive soil movements.

TABLE 4.2.3 GRADE-SUPPORTED NON-STIFFENED SLAB OF UNIFORM THICKNESS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Faster to construct than stiffened
slabs and deeply supported
foundations.

 2. Eliminates digging of grade
beams.

 3. Lack of grade beams makes it
easier to jack against if
underpinning is later required.

 1. May experience more vertical
movement than stiffened slabs on
deep foundations.

 2. Potentially has more vertical
differential displacement than
stiffened slabs with the equivalent
volume of concrete.

 3. Allows roots to grow below
foundation because there are no
perimeter grade beams.

 1. Also called a “California Slab".

 2. Behaves similar to a mat foundation.

 3. Flat slab rests directly on underlying
soil.

 4. May include a perimeter grade beam
as a root retarder or to prevent
erosion.

 5. Typically reinforced with
conventional deformed bar reinforcing
or post-tensioned cable.

 6. Suitable for deep sandy soil or
foundations having consistent subsoil
formations with low propensity for
volumetric movement.

 7. Subgrade and fill, if used, should be
field-verified for conformance to
geotechnical specifications.

 8. Is not designed to prevent foundation
tilt.

* Compared to other foundation systems as described in Sections 4.1.1 to 4.2.3.
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4.3 MIXED DEPTH SYSTEMS

Mixed depth systems are foundations that extend to different bearing depths. They are
sometimes used to support concentrated loads. Although their use is discouraged for certain
applications, mixed depth foundation systems are sometimes used. They can be used for new
buildings with large plan areas located on a site with widely varying soil conditions, for new
buildings on sites with a substantial amount of deep fill, for new buildings on a sloping
hillside, for new buildings located next to a waterway or slopes greater than 5%, for existing
buildings when adding a new addition, etc. When a new addition is added onto an existing
building, consideration must be given to the depths of the new and existing foundation
systems.

4.3.1 Mixed Depth System for All-New Building Construction

Because of the increased possibility of differential movement, mixed depth systems are not
often used for all-new construction except in areas of sloping grades and sloping strata.

TABLE 4.3.1 MIXED DEPTH SYSTEM FOR ALL-NEW BUILDING CONSTRUCTION

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. More economical than uniformly
deep foundation system

 1. More likely to experience
differential movement than
foundations of uniform depth.

 1. Pier depth, if included, can vary to
follow bearing stratum or to address
slope instability issues.

 2. Often used for perimeter and point
loaded commercial buildings.

 3. Is not designed to prevent foundation
tilt.

* Compared to other foundation systems as described in Sections 4.3.1 to 4.3.3.
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4.3.2 Mixed Depth System for Building Additions with Deep Foundations

Sometimes building additions are designed with deeper foundations than the original building
in order to reduce movement of the addition. This is because the foundation of the older
portion of the building has stabilized.

TABLE 4.3.2 MIXED DEPTH SYSTEM FOR BUILDING ADDITIONS WITH DEEP FOUNDATIONS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Addition is more stable than a
new grade-supported foundation
due to less seasonally active soils
at increased foundation depth.

 1. More expensive than using a
shallow foundation system for new
addition.

 1. When used in conjunction with a new
structurally isolated slab (i.e. isolated
from soil movement, and structurally
connected to existing building)
minimizes risk of differential
movement.

 2. Is not designed to prevent foundation
tilt.

* Compared to other foundation systems as described in Sections 4.3.1 to 4.3.3.

4.3.3 Mixed Depth System for Building Addition with Shallow Foundations
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Sometimes additions are built with shallower foundations than the original building in order
to reduce the cost of construction.

TABLE 4.3.3 MIXED DEPTH SYSTEM FOR BUILDING ADDITION WITH SHALLOW FOUNDATIONS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. More economical than uniformly
deep foundation system.

 1. On expansive, compactable, or
compressible soils, more shallowly
supported addition is likely to move
more than existing building.

 1. Not recommended due to high
probability of differential movement.

* Compared to other foundation systems as described in Sections 4.3.1 to 4.3.3.

5.0 FOUNDATION COMPONENT DESIGN OPTIONS

This section covers the advantages and disadvantages of common component design options
for the systems that were discussed in Section 4.0. Components are referenced to other
components in the same category.

5.1 DEEP SUPPORT COMPONENTS

This section discusses deep foundation support components that are commonly used in new
construction for residential and other low-rise buildings. This includes drilled and
underreamed piers, drilled straight-shaft concrete piers, auger-cast concrete piles,
displacement piles, and helical piers.

5.1.1 Drilled and Underreamed Concrete Piers

Drilled and underreamed piers are cast-in-place concrete foundation components with an
enlarged bearing area extending downward to a soil stratum capable of supporting the loads.
Drilled and underreamed concrete piers have also been referred to as drilled piers, drilled
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shafts, caissons, drilled caissons, belled caissons, belled piers, bell-bottom piers, foundation
piers, bored piles, and or drilled-and-underreamed footings. The depth of the drilled pier
should extend to a depth below the moisture active zone that is sufficient to anchor the pier
against upward movements of swelling soils in the upper active zone.

TABLE 5.1.1 DRILLED AND UNDERREAMED CONCRETE PIERS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Has a long, successful track
record, approaching a century of
use.

 2. Provides better lateral load
resistance than other deep
foundations with smaller
projected surface areas.

 3. Underreamed portion
economically provides large end
bearing capacity.

 4. Most commonly used deep
foundation component in Houston
area.

 5. Easier to install than displacement
piles in very stiff sandy soils.

 1. Installation requires a minimum of
four different procedures: shaft
drilling, underreaming, reinforcing
steel placement, and concrete
placement.

 2. Requires removing excavated soils
off-site.

 3. Sloughing of soils at pier shaft and
bell can create installation problems.

 4. Difficult to confirm integrity of
concrete placed under groundwater
or slurry conditions.

 5. May be difficult for some
contractors to install drilled piers
below a depth of 15 feet because of
equipment limitations.

 6. Requires waiting until concrete
sufficiently cures before applying
load.

 7. Drilling piers below soil active
moisture zone in Houston area often
results in encountering water or
sands.

 1. Many contractors falsely believe
underreams should be founded in
certain color or stiffness clay rather
than at depth shown on foundation
engineering drawings.

 2. Slump should be greater than 5 inches
to prevent honeycombing.

 3. Vertical reinforcement should be used
to resist tensile forces due to friction
on shaft from swelling soils.

 4. Can be constructed in areas with high
groundwater table by using slurry
displacement method.

 5. Can be installed through sandy layers
by using retrievable casing.

* Compared to other deep supporting elements as described in Sections 5.1.2 to 5.1.5.

5.1.2 Drilled Straight-Shaft Concrete Piers
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Drilled piers are cast-in-place concrete foundation components extending downward to a soil
stratum capable of supporting the loads. Drilled straight-shaft concrete piers are not
underreamed.

TABLE 5.1.2 DRILLED STRAIGHT-SHAFT CONCRETE PIERS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Quality control is simpler than for
drilled and underreamed piers.

 2. Shafts are typically larger
diameter than drilled and
underreamed piers, and provide
better lateral load resistance.

 3. Easier to inspect than
underreamed piers.

 4. Has a long, successful track
record, more than a century of
use.

 5. Easier to install than displacement
piles in very stiff sandy soils.

 1. Soil borings are required to be
deeper than underreamed piers,
which adds to cost.

 2. Geotechnical reports do not
routinely provide shaft allowable
skin friction capacity values.

 3. Requires removing excavated soils
off-site.

 4. Can require steel casing to drill
through sandy soils.

 5. Can require slurry or concrete to be
pumped to bottom of hole when
groundwater is encountered.

 6. Requires waiting until concrete
sufficiently cures before applying
load.

 7. Sloughing of soils can create
installation problems.

 8. Difficult to confirm integrity of
concrete placed under groundwater
or slurry conditions.

 9. May be difficult for some
contractors to install drilled piers
below a depth of 15 feet because of
equipment limitations.

 10. Drilling straight-shaft piers often
results in encountering water or
sands.

 11. Drilling piers below soil active
moisture zone in Houston area often
results in encountering water or
sands.

 1. Many contractors falsely believe
underreams should be founded in
certain color or stiffness clay rather
than at depth shown on foundation
engineering drawings.

 2. Only recently used as an alternative to
drilled and underreamed footings in
light foundation industry.

 3. Slump should be greater than 5 inches
to prevent honeycombing.

 4. Vertical reinforcement should be used
to resist tensile forces due to friction
on shaft from swelling soils.

 5. Can be constructed in areas with high
groundwater table by using slurry
displacement method.

 6. Can be installed through sandy layers
by using retrievable casing.

* Compared to other deep supporting elements as described in Sections 5.1.1 and 5.1.3 to 5.1.5.
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5.1.3 Auger-Cast Concrete Piles

Auger cast piles are installed by rotating a continuously-flighted hollow shaft auger into the
soil to a specified depth. Cement grout is pumped under pressure through the hollow shaft as
the auger is slowly withdrawn.
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TABLE 5.1.3 AUGER-CAST CONCRETE PILES

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Can be readily installed through
sand strata and below the water
table.

 2. Can be easily installed at angles
other than vertical.

 1. Reinforcing cage must be installed
after auger is removed, which limits
depth of reinforcing cage that can be
installed and may result in
inadequate concrete cover due to
cage misalignment.

 2. If singly reinforced, auger-cast piles
do not provide significant bending
resistance.

 3. Higher mobilization costs than for
other systems.

 4. Fewer contractors are available that
offer this system, making
construction pricing less
competitive.

 5. Soil borings are required to be
deeper than underreamed piers,
which adds to cost.

 6. Geotechnical reports do not
routinely provide shaft allowable
skin friction capacity values.

 7. Requires removing excavated soils
off-site.

 8. Requires waiting until concrete
sufficiently cures before applying
load.

 9. Difficult to confirm integrity of
concrete.

 1. Commonly utilized in situations
drilling through collapsing soils and
emerging free water.

 2. Vertical reinforcement should be used
to resist tensile forces due to friction
on shaft from swelling soils.

 3. Only recently used as an alternative to
drilled and underreamed footings in
light foundation industry.

 4. Slump should be greater than 5 inches
to prevent honeycombing.

* Compared to other deep supporting elements as described in Sections 5.1.1, 5.1.2, 5.1.4 and 5.1.5.

5.1.4 Displacement Piles

For the purpose of this document, displacement piles are defined as relatively long slender
members driven, vibrated, or pressed into the soil while displacing soil at the pile tip.
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TABLE 5.1.4 DISPLACEMENT PILES

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. No excavated soils to remove.

 2. Only one trade typically involved
during installation.

 3. Easier to remove than drilled piers
if future demolition is required.

 4. Can be installed through soft soils
and water-bearing strata.

 1. Vibrations and noise that occur
during installation can be a problem.

 2. Difficult to install through stiff sand
strata.

 3. Because of relatively small
diameters, grouping or clustering
can be required, which can lead to
other potential problems.

 1. Typically used at shoreline locations,
swamps, marshes, or other soft soil
areas.

* Compared to other deep supporting elements as described in Sections 5.1.1 to 5.1.3, and 5.1.5.

5.1.5 Helical Piers

Steel helical piers, also known as screw anchors or screw-in piles, have been used since the
early 1950s as tie back anchors for retaining walls and as foundations for lighthouses,
substations, towers, heavy equipment, and other similar applications. They are now gaining
popularity for use in supporting heavier foundations such as residential and other low-rise
buildings.

The anchor consists of a plate or series of steel plates formed into the shape of a helix to
create one pitch of a screw thread. The shape of the plate permits easy installation, which is
accomplished by applying torque to the shaft of the anchor and screwing it into the ground
using rotary motors. The anchors can be used to resist a tensile or compressive load, which is
accomplished by means of bearing pressure resistance on the area of each helix, and not by
skin friction along the shaft. The plate helices of helical pier foundations are attached to a
central high-strength steel shaft that can be segmented to facilitate construction and to allow
various combinations of the number and diameter of helices used. The pier is screwed into the
soils until the applied torque readings indicate that the necessary load capacity has been
achieved or until the desired depth below the moisture active zone of the expansive soils is
obtained. In new construction, the pier shafts are typically anchored to the grade beams by
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using fabricated brackets that are tied to the grade beam reinforcing before placing the
concrete, and bolted to the top of the pier shafts. The bracket consists of a flat horizontal plate
welded to a vertical square tube that slips over the shaft of the pier. The plate is embedded
into the grade beam concrete.

TABLE 5.1.5 HELICAL PIERS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Can be installed in low headroom
applications in limited access
areas.

 2. Shaft of helical pier has small
surface area, which limits amount
of uplift or drag-down frictional
forces that can occur due to
vertical movements of expansive
soils.

 3. Only licensed contractors may
install helical piers, which provide
some means of assuring that
contractors are tested and trained
in all facets of helical pier
construction.

 4. Does not require excavation of
soil for installation, thus
providing minimal disturbance to
site.

 5. Can be installed in less time than
drilled piers or auger-cast
concrete piles.

 6. Can be installed at a batter   to
resist lateral loads on foundation.

 7. Shaft extensions can easily be
added to install helices deep
below soil moisture active zone.

 8. Loads can be applied immediately
after installation.

 9. Only one trade typically involved
during installation.

 1. Fewer contractors are available that
offer this system, and construction
pricing is less competitive.

 2. Usually requires on-site test pier to
verify installability and load bearing
capacity.

 3. Although steel is often galvanized,
corrosion can limit life expectancy.

 4. In very soft soils with low lateral
restraint, external concrete jacket is
required to prevent buckling of
small shaft under large loads.

 5. Square shafts of helical piers disturb
soil around shaft during installation
to some extent, and can result in
gaps occurring between soil and
shaft along full length of pier. This
gap can become a pathway for water
to flow down around shaft and
activate swelling of dry expansive
soils in non-active zone, and can
also allow air and moisture to speed
up rate of steel corrosion.

 6. Vertically installed helical piers
provide little resistance to lateral
forces because of their small shaft
diameter.

 1. Additional protective coatings (e.g.,
coal-tar epoxy) or cathodic protection
can be used to control corrosion.

* Compared to other deep supporting elements as described in Sections 5.1.1 to 5.1.4.

5.2 SLAB AND GRADE BEAM REINFORCING

Since concrete is weak in tension, concrete slabs and grade beams are almost always
reinforced with some type of steel reinforcing. The most common design options include
post-tensioned reinforcing, deformed bar reinforcing, welded wire fabric reinforcing, and
fiber reinforcing. Under special circumstances, unreinforced plain concrete can also be used.
Advantages and disadvantages of these types of reinforcement for slab-on-grade and grade
beam applications are discussed below.
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5.2.1 Post-Tensioned Reinforcing

Post-tensioned concrete is a type of prestressed concrete in which the cables are tensioned
after partial curing of the concrete has occurred. Pretensioned prestressed concrete, in which
the cables are tensioned before placement of concrete around them, is not commonly used for
slabs and grade beams in residential and other low-rise buildings. Post-tensioned reinforcing
has become the norm for residential slabs in most Texas metropolitan areas.

Post-tensioned reinforcing consists of high-strength steel wire strands, typically referred to as
tendons or cables, which are encased in plastic sheathing or ducts. When also used near the
bottom of grade beams, the tendons are usually located near the top of the grade beam at the
ends of the span and draped into the bottom portion of the grade beam near mid-span.

Tendons typically consist of 1/2-inch diameter high-strength seven-wire strands having yield
strength of 270 ksi. The tendons are elongated by hydraulic jacks and held in place at the
edges of the foundation by wedge-type anchoring devices. The type of tendons typically used
in residential slabs and grade beams are unbonded tendons, in which the prestressing steel is
not actually bonded to the concrete that surrounds it except at the anchored ends. Coating the
steel strands with corrosion-inhibiting grease and encasing them in extruded plastic protective
sheathing that acts as a bond-breaker will accomplish this. The tendons are typically fully
stressed and anchored 3 to 10 days after concrete placement.
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TABLE 5.2.1 POST-TENSIONED REINFORCING

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Costs less than conventional steel
rebar reinforcing.

 2. Speeds up construction because
there are fewer pieces to install
than conventionally reinforced.

 3. Controls the size of curing and
shrinkage surface cracks in
concrete slabs after tendons are
stressed.

 4. Can reduce required amount of
control joints in slab.

 5. Slab is designed as an uncracked
section, therefore should require
less concrete.

 1. Requires specialized knowledge and
expertise to design, fabricate,
assemble, and install.

 2. Geotechnical design parameters,
such as ym and em, are not
consistently defined among
geotechnical engineers.

 3. Slab design can be compromised if
cracks open before stressing and fill
with debris.

 4. Making penetrations into slab can be
hazardous due to presence of
tensioned cables.

 5. Additional operations such as
stressing, cutting, and grouting are
required after concrete placement.

 6. Cannot prevent cracks prior to
stressing caused by plastic
shrinkage, plastic settlement, and
crazing at slab surface.

 7. Tendon end anchorages, which are
highly stressed critical elements of
system, are located at exterior face
of foundation where exposed strand
ends and anchors can be susceptible
to corrosion.

 8. Post-tensioned reinforced
foundations are susceptible to
blowouts, in which sudden concrete
bursting failure occurs during or
after stressing. If a tendon or
anchorage fails or a blowout occurs,
additional operations are required
for repair.

 1. Normally used locally to reinforce
stiffened slabs-on-grade but can be
used for other configurations as well.

 2. Post-tensioned foundations are
typically designed using Post
Tensioning Institute (PTI) publication
Design and Construction of Post-
Tensioned Slabs-on-Ground.

 3. Compared to other types of post-
tensioned construction, residential
slabs are lightly reinforced with
average concrete compression levels
ranging only between 50 psi and 100
psi.

* Compared to other types of slab and grade beam reinforcing described in Sections 5.2.2 to 5.2.5.

5.2.2 Deformed Bar Reinforcing

Deformed bar reinforcing, commonly call rebar, typically consists of ASTM 615 steel having
yield strength of either 40 or 60 ksi. Grade 40 rebar was more common in pre-1970
construction, and Grade 75 rebar is expected to become more common in the future.
Deformed bar reinforcing is categorized as “passive” reinforcement since it does not carry any
force until the concrete member deflects and cracks under applied loads. On the other hand,
post-tensioned tendons are considered “active” reinforcing because they are prestressed and
carry tensile force even when loads are not applied to the concrete member.
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TABLE 5.2.2 DEFORMED BAR REINFORCING

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Less technical installation
operations than for a post-
tensioned foundation system.

 2. Post-construction slab
penetrations are less hazardous to
install than in slabs with post-
tensioned reinforcing.

 3. Field splices are easier to
implement.

 1. Requires specialized knowledge and
expertise to design, fabricate,
assemble, and install.

 2. Costs more than post-tensioned
reinforcing.

 3. Slower to construct than post-
tensioned reinforced slabs

 4. Foundation performance is more
sensitive to correct placement of
slab reinforcement.

 1. Some local building officials do not
require deformed bar reinforced
foundations to be engineered, even
though design has similar difficulty as
does post-tensioned foundations.

 2. Deformed bar reinforced slab
foundations are typically designed per
American Concrete Institute (ACI)
publication ACI 360R, Design of
Slabs on Grade, charts from Portland
Cement Association (PCA)
publications Concrete Floors on
Ground and Slab Thickness Design
for Industrial Concrete Floors on
Grade, Wire Reinforcement Institute
(WRI) publication Design of Slabs on
Grade, Building Research Advisory
Board (BRAB) publication Criteria
for Selection and Design of
Residential Slabs-on-Grade, Post
Tensioning Institute (PTI) publication
Design and Construction of Post-
Tensioned Slabs-on-Ground, or finite
element methodology.

 3. Local building officials may not
require construction certification by
engineers of foundations using only
deformed bar reinforcing.

* Compared to other types of slab and grade beam reinforcing described in Sections 5.2.1 and 5.2.3 to 5.2.5.

5.2.3 Welded Wire Fabric Reinforcing

Welded wire fabric concrete reinforcing consists of cold-drawn wire in orthogonal patterns,
square or rectangular, that is welded at all intersections, and is typically used in slab
construction. Welded wire fabric (WWF) is commonly called "wire mesh", but mesh is a
much broader term that is not limited to concrete reinforcement. Welded wire fabric can be
made of smooth wire (ASTM A185) or deformed wire (ASTM A497), and can be
manufactured in sheets (usually wire sizes larger than W4) or rolls (usually wire sizes smaller
than W1.4).
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TABLE 5.2.3 WELDED WIRE FABRIC REINFORCING

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Welded wire fabric rolls can be
manufactured in any lengths, up
to maximum weight per roll that
is convenient for handling (100-
200 ft).

 2. Has greater yield strength than
conventional deformed bar
reinforcing, which can result in
reducing required cross-sectional
area of steel.

 3. Development lengths are typically
much smaller than for deformed
bar reinforcing.

 4. Concrete shrinkage cracks can be
kept smaller due to confinement
offered by welded cross wires,
and microcracking is better
distributed.

 5. Labor costs to install welded wire
fabric are less than to install
conventional deformed bar
reinforcing through elimination of
tying reinforcing rods and faster
placement of large sheets.

 1. Welded wire fabric is difficult to
position and hold in place within
thickness of slab. Slab crack
performance is more sensitive to
correct placement of reinforcement.

 2. Shipping restrictions as well as
manufacturing limitations can limit
maximum sheet size.

 3. Application is generally limited to
slabs only.

 4. Heavy welded wire fabric
reinforcement may not be readily
available, and can require special
order and/or long lead-time.

 5. Practice of placing wire mesh on
subgrade and using hooks to lift it,
as workers walk on mesh, invariably
results in large areas of mesh
remaining at bottom of slab.

 1. Welded wire fabric reinforced
residential foundations are typically
designed per Wire Reinforcement
Institute (WRI) methodology.

 2. Local building officials may not
require engineering certification of
foundations using only welded wire
fabric.

* Compared to other types of slab and grade beam reinforcing described in Sections 5.2.1, 5.2.2, 5.2.4, and 5.2.5.

5.2.4 Fiber Reinforced Concrete

Fiber reinforced concrete consists of synthetic or steel fibers that help to control plastic
shrinkage cracking, and plastic settlement cracks. Helps reduce bleeding and water migration
to slab surface, which helps to control water-cement ratio and produce concrete with less
permeability and improved toughness. Fiber reinforced concrete helps increase impact
resistance and surface abrasion resistance of concrete.

Fiber reinforced concrete is not a substitute for structural reinforcing per ACI 544R-88.
Therefore, advantages and disadvantages are not given.

5.2.5 Unreinforced Concrete

Unreinforced concrete, also known as "plain" concrete, is concrete without any reinforcing.
Soil-supported concrete slabs can be designed as plain concrete, as well as continuously
supported grade beams. Unreinforced concrete should not be used for structural foundations
on expansive soils and is not recommended for use in slabs subject to movement unless
cracking is not objectionable. Therefore, advantages and disadvantages are not given.

5.3 VOID SYSTEMS UNDER GRADE BEAMS AND PIER CAPS

Voids used by some engineers under grade beams and concrete caps for deep foundations are
commonly created by using the same type of wax-impregnated corrugated cardboard forms
described in Section 4.1.1.1. If the grade beams are constructed by using the trenching method
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in which concrete is cast directly against the soil in the excavated trenches, self-disintegrating
void forms must be used.

An alternate method of grade beam construction is to form the sides of the concrete grade
beams, particularly for foundation designs that use non-expansive backfill that elevate the slab
above the surrounding grade for drainage purposes. In this case, it is possible to use
removable forms to create the voids under the grade beams, and to install strip forms along
the bottom edges of the grade beams to keep the soil from filling the voids when backfilling
against the sides of the grade beams.

Carton forms are not typically used below grade beams due to potential water infiltration into
void and down shafts of deep foundations.

5.4 VAPOR RETARDERS

A vapor retarder (sometimes misleadingly called a vapor barrier) is sheeting material, usually
polyethylene film, which is placed under a ground level concrete slab in order to reduce the
transmission of water vapor from the soils below the foundation up through the concrete slab.
Vapor retarders are commonly used where moisture can migrate upward from below the slab
and cause damage to floor coverings, household goods, or stored materials. Vapor retarders
should be overlapped at least 6" at the joints, and should be carefully fitted around pipes and
other service penetrations through the slab.

In typical southeast Texas area slab-on-grade construction, the vapor retarder is normally
placed directly on top of the finish-graded in situ clay or sandy clay soil, or when fill is added,
on top of the non-expansive select fill. If cardboard void cartons are used, the vapor retarder
should be placed above the void forms in order to allow moisture to degrade the void boxes.

For residential construction in areas having expansive soils, concrete is most commonly
placed directly on the vapor retarder. At grade beam locations, the vapor retarder may be
draped down into the excavated trench and be continuous around the exterior surface of the
grade beam.

5.5 GRADE-BEAM-TO-PIER CONNECTIONS

Traditionally, drilled pier shafts in new construction have been tied to the grade beams with
hooked or long straight rebar anchorage to create a connection. The recent trend over the last
decade in the Houston area residential construction market is to allow the grade beams to float
on top of the deep foundation components with no vertical restraints. This eliminates stresses
due to fixed pier-to-beam connections.

5.5.1 Grade-Beam-to-Pier Connections with No Restraints

Grade-beam-to-pier connections with no restraints implies that the foundation grade beams
are cast atop the already cured drilled piers, which are flat and allow the grade beam to
translate relative to the pier in all directions except vertically downward.
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TABLE 5.5.1 GRADE-BEAM-TO-PIER CONNECTIONS WITH NO RESTRAINTS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Allows foundation to rise more
uniformly if underlying soils
swell.

 2. Easier to clean mud from top of
pier caps.

 3. Pier steel does not interfere with
trencher during grade beam
excavation.

 1. Foundation can move laterally due
to swelling soils or sloping sites.

 2. After concrete is placed, cannot
easily verify if reinforcing steel was
installed in piers.

* Compared to other types of grade-beam-to-pier connections described in Sections 5.5.1 to 5.5.3.

5.5.2 Grade-Beam-to-Pier Connections with Horizontal-Only Restraints

Grade-beam-to-pier connections with horizontal-only restraints implies that the foundation
grade beams have a positive connection to the piers in any lateral direction, but the grade
beams are allowed to translate vertically upward, relative to the piers.

TABLE 5.5.2 GRADE-BEAM-TO-PIER CONNECTIONS WITH HORIZONTAL-ONLY RESTRAINTS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Horizontal foundation movement
is limited.

 2. Allows foundation to rise more
uniformly if underlying soils
swell.

 1. Requires additional labor and
material.

 1. Bond-breakers, such as sleeved
deform bars, non-deformed bar
dowels, and shear keys can be used.

 2. Recommended at sloping sites where
lateral resistance is required.

* Compared to other types of grade-beam-to-pier connections described in Sections 5.5.1 to 5.5.3.

5.5.3 Grade-Beam-to-Pier Connections with Horizontal and Vertical Restraints

Grade-beam-to-pier connections with horizontal and vertical restraints implies that the
foundation grade beams are connected to the top of the piers in such a way that there can be
no relative translation in any direction.

TABLE 5.5.3 GRADE-BEAM-TO-PIER CONNECTIONS WITH HORIZONTAL AND VERTICAL RESTRAINTS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. May provide uplift resistance
from swelling soils if piers are
adequately anchored.

 2. Horizontal foundation movement
is limited.

 1. Impedes or prevents jacking of a
foundation that must be lifted. Pier
reinforcing must be severed before
lifting.

 2. Does not allow grade beams to
freely lift off piers if upper strata
heave occurs. This can cause distress
in slab because it is more flexible
than grade beams.

 3. Beams, beam-to-pier connections,
and slab must be designed for uplift
forces due to swelling soils.

 1. Connection typically is an extension
of pier shaft vertical deformed
reinforcement.

 2. Recommended at sloping sites where
lateral resistance is required.

* Compared to other types of grade-beam-to-pier connections described in Sections 5.5.1 to 5.5.3.
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6.0 FOUNDATION SITE DESIGN OPTIONS

The various types of mitigation options to reduce the damaging effects of soil movement due
to improper drainage and transpiration of trees and shrubbery that are discussed in this guide
can be categorized into two basic groups: (1) moisture control systems, and (2) vegetation
control systems.

6.1 MOISTURE CONTROL SYSTEMS

Moisture control systems mitigate damage by controlling the amount of water and moisture
that enter into the site soils. This includes methods to control stormwater runoff and methods
of providing irrigation to site vegetation.

6.1.1 Site Drainage Systems

Three methods of controlling site drainage include site grading, French drains, and area
drains. These systems reduce vertical movements of building foundations by moderating the
effects of seasonal moisture changes.

6.1.1.1 Site Grading

Site grading causes excess water to flow away from the foundation via surface sloping and
drainage swales. Adequate surface drainage slopes are essential to minimize foundation
movement and damage. Current International Residential Code requires 6" minimum fall the
first 10' out from and perpendicular to building walls, and 2% minimum elsewhere to drain
off lot. Because current building practices sometimes have homes built closer than 10’ to the
adjacent structure or lot line, it is necessary to have greater slopes so that the 6” minimum is
maintained.

TABLE 6.1.1 SITE GRADING

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Fill materials are readily
available.

 2. Less maintenance required
afterwards.

 3. Inadequate drainage is easier to
detect.

 4. Most economical.

 1. Improper grading can cause water to
shed to adjacent properties.

 2. Fill materials require proper
compaction and material.

 1. Materials should consist primarily of
clay. Do not use bank sand or clayey
sand or silts.

 2. Can require excavation in addition to
fill.

* Compared to other types of site drainage systems described in Sections 6.1.1.2 and 6.1.1.3.

6.1.1.2 French Drains

French drains are subsurface drainage systems that are used around the perimeter of a
foundation to remove free water in the subsoil.
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TABLE 6.1.1.2 SUBSURFACE DRAINAGE SYSTEMS (FRENCH DRAINS)
ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Helps reduce moisture infiltration
from underground water sources.

 2. Suitable when site grading is not
an available option.

 1. If not draining effectively, can
recharge the surrounding soil with
moisture, causing damage to the
foundation.

 2. Not very effective in expansive clay
soils because soil suction is high
when soil permeability is very low.

 3. Can cause erosion of surrounding
soil, causing settlement of
foundation if too close.

 4. Requires some maintenance but is
difficult to monitor.

 5. French drain fabric membranes can
tear or be punctured.

 6. If used in conjunction with a vertical
moisture retarder on one side,
sufficient geotechnical or
geophysical testing is required to
determine natural flow direction and
source of groundwater.

 7. Most expensive system.

 1. Must have functioning outfall to storm
drain system.

 2. Commonly used when site is too flat
to accommodate proper grade slopes.

 3. Usually consists of a 4” or larger PVC
perforated pipe, covered with sand
and gravel and sloped to a positive
outlet, but must comply with
International Residential Code.

 4. Utilized in removing moisture behind
retaining and basement walls.

* Compared to other types of drainage systems described in Sections 6.1.1.1 and 6.1.1.3.

6.1.1.3 Area Drains

Area drains (catch basins) with non-perforated pipe are surface collection systems used
around the perimeter of a foundation to remove surface water by gravity flow or mechanical
lifting.

TABLE 6.1.1.3 AREA DRAINS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Suitable when site grading is not
an available option.

 2. Water from downspouts can be
discharged into area drainage
system.

 1. A clogged drain can cause localized
flooding.

 2. If used in conjunction with a vertical
moisture retarder on one side,
sufficient geotechnical or
geophysical testing is required to
determine to natural flow direction
and source of surface water.

 3. A leaking pipe can cause soils to
erode or swell.

 1. Commonly used in back yards when
site is too flat to accommodate proper
grade slopes.

 2. Usually consists of a 4” or larger PVC
non-perforated pipe.

 3. When used, sump failure can cause
flooding and can require periodic
maintenance.

 4. Can be used in conjunction with site
grading.

 5. A mechanical lift should be used if
gravity outfall is not possible.

* Compared to other types of drainage systems described in Sections 6.1.1.1 and 6.1.1.2.

6.1.2 Moisture Retarder Systems

Moisture retarder systems are used to reduce moisture transfer to the soils underneath
foundations. Such systems include horizontal moisture retarders and vertical moisture
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retarders. These systems help moderate effects of seasonal changes on foundation
movements.

6.1.2.1 Horizontal Moisture Retarders

Horizontal moisture retarders usually consist of materials of low permeability. These systems
extend outward around the edges of the foundation. Sidewalks, driveways, or parking lots can
be multifunctional, also serving as moisture retarders.

TABLE 6.1.2.1 HORIZONTAL MOISTURE RETARDERS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Readily inspected and maintained

 2. Requires less slope than green
space (e.g., only 1/8” / ft.) to
achieve positive drainage away
from foundation.

 3. Can double as pavement for
parking or sidewalk.

 1. Requires larger area to be effective.

 2. Heaving of retarder can occur due to
soil hydration.

 3. Fabric membrane retarders more
prone to tear or puncture.

 4. Unsecured rigid retarders can "walk-
away" from building and allow
water infiltration through gap
created at edge of building if seal is
not maintained.

 5. Owner or future owner can remove
it, not realizing it serves a design
purpose, and inadvertently eliminate
benefit it provides.

 6. Only retards surface moisture.

 7. May not be aesthetically acceptable.

 1. Usually concrete or asphalt pavement.

 2. Horizontal moisture retarders slow
root growth by reducing oxygen
transmission to roots.

 3. Doubles as root retarder.

* Compared to other type of moisture retarder system described in Section 6.1.2.2.

6.1.2.2 Vertical Moisture Retarders

Vertical moisture retarders usually consist of materials of low permeability that extend
downward from grade level around the perimeter of the foundation.

TABLE 6.1.2.2 VERTICAL MOISTURE RETARDERS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. More effective in retarding lateral
moisture migration.

 2. Controls vertical movements
better.

 3. Also functions as a root retarder.

 1. Higher cost.

 2. Requires severing tree roots and can
compromise tree health.

 3. Is difficult to inspect and to know
when to repair or replace.

 4. Fabric membrane retarders more
prone to tear or puncture.

 5. Can retain moisture from under slab
leaks and exacerbate heaving.

 1. Usually consists of concrete, steel,
polyethylene or fabric sheets, or
bentonite clay.

* Compared to other type of moisture retarder system described in Section 6.1.2.1.
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6.1.3 Watering Systems

Watering systems are usually used to induce moisture into the soils and to water vegetation
around the foundation, thereby attempting to provide a constant and uniform moisture
condition. During droughts, water can be rationed, preventing use of these systems. A soil
moisture sensor with automatic controls is recommended with these watering systems.

6.1.3.1 Sprinkler Systems

An irrigation system consists of below grade piping and above grade sprinkler heads.

TABLE 6.1.3.1 SPRINKLER SYSTEMS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Can attract tree roots away from
foundations if system is properly
drained, zoned, and set.

 2. Provides moisture during dry
periods, thereby reducing
movement due to soil shrinkage.

 3. Can provide more uniform
moisture content to site.

 1. Can cause uneven soil moisture,
moving and damaging the
foundation.

 2. If not properly monitored, can result
in excess watering, resulting in
heave or loss of soil bearing.

 3. Leaks may not be detected thereby
causing localized foundation
movement.

 4. Requires more maintenance than
other watering systems.

 5. Overspray onto superstructures can
occur.

 6. Results in more waste of water by
runoff and evaporation.

 1. Only enough irrigation should be
applied to sustain vegetation, so that
there is no ponding or algae buildup.

 2. It is essential that drainage slopes
comply with International Residential
Code.

* Compared to other types of watering systems described in Sections 6.1.3.2, 6.1.3.3 and 6.1.3.4.

6.1.3.2 Soaker Hose Systems

Soaker hoses are permeable water conduits resembling garden hoses normally used to water
localized areas.

TABLE 6.1.3.2 SOAKER HOSE SYSTEMS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Properly maintained soaker hoses
apply water more slowly to soil
than sprinkler systems.

 2. Can be used to provide moisture
to vegetation.

 3. Easiest to install.

 1. Can cause excessive and uneven soil
moisture, moving, and damaging the
foundation.

 2. Hoses can be subject to premature
deterioration.

 3. Sensitive to damage from freezing.

 4. Can attract roots toward foundation
if used around perimeter of
foundation.

 1. Normally limited to garden and
foundation applications.

 2. Can be buried to reduce evaporation
and avoid damage from lawn
equipment.

* Compared to other types of watering systems described in Sections 6.1.3.1, 6.1.3.3 and 6.1.3.4.
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6.1.3.3 Under-Slab Watering Systems

Under-slab watering systems are installed under slabs to provide moisture directly below the
foundation. These systems typically consist of a network of piping, wells, and moisture
sensors, which are intended to function together to maintain a uniform level of moisture in the
soil beneath the structure.

TABLE 6.1.3.3 UNDER-SLAB WATERING SYSTEMS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Low to medium cost although
high-cost systems are also
available.

 2. Minimizes evaporation.

 1. Can cause excessive and uneven soil
moisture, moving and damaging the
foundation.

 2. Requires strict monitoring and
maintenance.

 3. Can take a long time to stabilize
vertical building movements.

 4. Difficult to install underneath
existing buildings. High-cost system
requires cutting holes through slab-
at-grade to install system.

 5. Soil irregularities and discontinuities
can limit effectiveness of system.

 6. Dramatic subsidence could occur if
system is disabled.

 7. Attracts roots toward foundation,
which can increase dependency on
this system.

 8. Monitoring program should be
included that entails regular
geotechnical testing and foundation
level distortion surveys.

 9. During droughts, water can be
rationed, preventing its use.

 10. Moisture sensors are subject to
frequent replacement and
performance can be unreliable.

 11. Desired moisture content under slab
is difficult to determine.

 1. Low cost foundation watering systems
that do not include a continual soil
moisture content monitoring system
that is connected to moisture release
valves is considered an unacceptable
system.

 2. It is essential that drainage slopes
comply with International Residential
Code.

* Compared to other types of watering systems described in Sections 6.1.3.1, 6.1.3.2 and 6.1.3.4.

6.1.3.4 Drip Watering Systems

Drip irrigation slowly applies water to soil under low pressure through emitters, bubblers, or
spray heads placed at each plant.
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TABLE 6.1.3.4 DRIP WATERING SYSTEMS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Offers increased watering
efficiency and plant performance
when compared to sprinkler
irrigation.

 2. Can be installed without
excavation.

 1. Can cause excessive and uneven soil
moisture, moving and damaging the
foundation.

 2. Requires strict monitoring and
maintenance.

 3. Not permanent.

 4. Frost sensitive.

 5. Can attract roots toward foundation
if irrigation is excessive near
building.

 1. Drip irrigation slowly applies water to
soil under low pressure through
emitters, bubblers, or spray heads
placed at each plant.

 2. Normally limited to garden and
foundation applications.

 3. A moisture meter is recommended
with this type of system.

* Compared to other types of watering systems described in Sections 6.1.3.1, 6.1.3.2 and 6.1.3.3.

6.2 VEGETATION CONTROL SYSTEMS

Vegetation control systems mitigate damage by providing some control over the growth of
roots that can penetrate into unwanted areas and cause shrinkage of foundation soils by means
of water withdrawal through the transpiration process.

6.2.1 Root Retarder Systems

Root retarder systems are typically physical or chemically induced barriers that limit the
growth direction of the roots of trees, shrubbery, and other large plants.

6.2.1.1 Vertical Root Retarders

Vertical root retarders are vertical barriers that are installed in the ground adjacent to the
perimeter of a foundation or around a tree or other large plant.
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TABLE 6.2.1.1 VERTICAL ROOT RETARDERS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Minimal disturbance of
landscaping.

 2. Impervious type root retarder also
doubles as moisture retarder,
which can prevent excess
moisture resulting from drainage
problems from reaching
foundation.

 1. Requires severing tree roots,
necessitating tree pruning or other
treatment when using near existing
trees.

 2. Can compromise tree health.

 3. Can compromise tree stability.

 4. Will only help to control vertical
foundation movements, not stop it.

 5. Limited warranty and limited period
of effectiveness (for biocide
systems).

 6. Requires special details for
penetration of building utility lines.

 7. Very difficult to inspect and to know
when to repair or replace.

 8. Sometimes difficult or impractical to
install below deepest lateral tree
roots.

 9. Usually aesthetically required to be
installed completely below grade,
which can allow roots to grow over
retarder.

 10. Impervious type of root retarder also
acts as a moisture retarder, which
can interrupt existing natural below-
grade moisture movement due to
soil suction or gradients.

 11. Extensive geotechnical and
geophysical testing can be required
to ensure that installation of
impervious retarders is not
detrimental to foundation.

 12. For cases where retarder is installed
adjacent to structure, foundation
support can be compromised in
order to install retarder deep enough
to be useful.

 1. Can be an impervious type (e.g.,
plastic, concrete or sheet metal piling)
or a biocide type.

 2. Vertical root retarders slow root
growth below a foundation by forcing
roots to grow to a greater depth.

 3. Should be professional installed to
minimize root damage.

 4. Non-impermeable retarders require
more maintenance.

* Compared to other types of vegetation control systems described in Sections 6.2.1.2 and 6.2.2.

6.2.1.2 Horizontal Root Retarders

Horizontal root retarders are horizontal barriers that are installed on top of the ground
adjacent to the perimeter of a foundation or around a tree or other large plant.
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TABLE 6.2.1.2 HORIZONTAL ROOT RETARDERS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Doubles as pavement for parking
or sidewalks.

 2. Its presence prevents planting of
trees near foundation.

 3. Doubles as a horizontal moisture
retarder.

 4. Quick to install.

 5. Relative low cost.

 1. Not as architecturally pleasing,
especially for residences.

 2. Needs steel reinforcement and
expansion joints to prevent cracking
due to ground movement.

 3. Expansion joints and cracks must be
sealed to retard oxygen transfer to
soil.

 4. Joint seals require maintenance,
which is easily forgotten by Owner.

 5. Owner or future owner can remove
it, not realizing it serves a design
purpose.

 6. Tree roots can lift and break retarder
causing vertical offsets.

 1. Normally concrete pavement.
Horizontal root retarders slow root
growth by minimizing oxygen flow to
roots.

 2. May not be effective in preventing
root growth.

* Compared to other types of vegetation control systems described in Sections 6.2.1.1 and 6.2.2.

6.2.2 Root Watering Wells

Root watering wells are installed near trees to provide moisture below grade. These systems
typically consist of a drilled hole filled with coarse material. Piping can be inserted in the
holes in order to maintain a clear path for water access.

TABLE 6.2.2 ROOT WATERING WELLS

ADVANTAGES * DISADVANTAGES * COMMENTS

 1. Minimal excavated material.

 2. Minimal disturbance of
landscaping.

 3. Can be beneficial to health of
trees by helping them establish
roots at a greater depth.

 4. Can help keep new tree roots from
growing under buildings provided
wells are installed away from
foundation.

 5. Less likely to damage existing
tree roots during installation
process.

 1. Effectiveness of reducing moisture
withdrawal from under building is
questionable.

 2. Beneficial effects can take a long
time to materialize.

 3. Require maintenance.

 4. Require ongoing operating costs and
water usage.

 5. Can hit utility line or tree root when
drilling.

 6. Movement of water through
unfractured clays is extremely slow.

 7. Chlorinated water directly applied to
deep roots can be detrimental to tree
health.

 1. If used, root watering wells should be
installed on side of tree opposite
foundation.

* Compared to other types of vegetation control systems described in Sections 6.2.1.1 and 6.2.1.2.

6.3 TREE AND PLANT SELECTION

When doing the initial site landscaping design, the proper selection of site vegetation with
regard to tree and plant moisture requirements can directly affect future foundation
performance. Vegetation selection can also be a deciding factor in the selection of other
moisture and vegetation control system design options.
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TABLE 6.3 TREE AND PLANT SELECTION

ADVANTAGES DISADVANTAGES COMMENTS

 1. Proper tree and plant selection can
also be aesthetically pleasing.

 2. Proper tree and plant selection can
increase property value.

 1. Limits available vegetation for
landscaping design.

 2. Owner or future owner can remove
trees and shrubbery with low-water-
requirements, not realizing they
serve a design purpose.

 1. An example of site vegetation control
is Xeriscape landscaping, defined as
quality landscaping that conserves
water and protects environment, by
using plants and trees with low-water
requirements.

 2. Selecting plants and trees with low-
water requirements can reduce
potential for problems caused by
vegetation water demands.

 3. Using vegetation with low water
requirements means less run-off of
irrigation water that can carry
polluting fertilizers and pesticides to
nearby streams or lakes, and less
permeation of irrigation water into
ground that can leach nutrients deep
into soil away from vegetation and
increase chances of polluting
groundwater.
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PREFACE

This document was first peer reviewed and published as Revision 0 on 1 December 2000. After
obtaining additional feedback, it has been updated by the Structural Committee to Revision 1 and again
been peer reviewed by the Foundation Performance Association (FPA).

This document is based on experience gathered by engineers in Houston, working primarily in the
southeast Texas area. It is intended to be used in southeast Texas by homeowners, building owners,
builders, foundation repair contractors, inspectors, engineers, architects, and others involved with
structural inspection, forensic assessment, and/or monitoring of residential and other low-rise buildings.
Information contained herein is provided as a guide only, and caution should be exercised when applying
the information to other types of buildings or outside the geographic area for which it was intended.

This document is made freely available to the public through the Foundation Performance Association
at www.foundationperformance.org so that engineers, inspectors, owners, builders, realtors, and other
interested parties may have access to the information. To ensure this document remains as current as
possible, it has been and will continue to be periodically updated under the same document number but
with new revision numbers such as 2, 3, etc. If sufficient comments are received to warrant a revision,
the Structural Committee will form a new subcommittee to revise and reissue this document in
accordance with the FPA Technical Paper Peer Review Procedure. If the revised document successfully
passes FPA peer review, it will be published on the FPA website and the previous revision will be
deleted.

This document was created with generously donated time in an effort to improve the understanding of
foundation performance. The Foundation Performance Association and its members make no warranty
regarding the accuracy of information contained herein, and will not be liable for any damages, including
those consequential in the use of this document.

INTRODUCTION

Architectural and structural distress in residential and other low-rise buildings in areas of Texas having
expansive soils is a common occurrence and may be the result of differential foundation movement.
However, not all observed distress results from foundation movement. The purpose of this document is
to provide the user with a tabulation of phenomena that may occur in buildings or their foundations that
are sometimes incorrectly attributed to foundation movement. For each distress or otherwise negative
phenomenon, an attempt was made to provide a more probable cause of the phenomenon. Possible
reasons or events that may have led to the direct cause of distress are also provided along with repair
recommendations.

http://www.foundationperformance.org/
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NEGATIVE
PHENOMENON

PROBABLE CAUSE
OF PHENOMENON

POSSIBLE REASON
FOR CAUSE

REPAIR RECOMMENDATION

 1. Masonry cracks above long
lintels (e.g., garage door).
 a. Cracks at midspan.

 a. Lintel beam undersized or
overloaded.

 a. Gravity load is causing
lintel to deflect
excessively.

 a. Reinforce or replace lintel,
and patch cracks or replace
brick.

 b. Cracks at ends.  b. Insufficient bearing
surface.

 b. Excessive lintel deflection
or masonry is crushing.

 b. Reinforce or replace lintel,
and patch cracks or replace
brick.

 c. Grout cracks at first
brick of soldier course
on either side.

 c. Insufficient bond of mortar
to brick.

 c. Thermal stresses can cause
initial bond to break.

 c. Patch crack with non-
shrink mortar or fine grout.

 2. Vertical cracks in masonry
running full height of wall
with uniform crack width
from top to bottom of wall
and usually located near
center of wall or openings.

Thermal contraction and
expansion of masonry wall.

Insufficient number, spacing,
or width of expansion joints
provided when masonry was
constructed, or expansion
joints were made ineffective
during construction by
excessive mortar obstructing
joints.

Saw cut vertical expansion
joints into brick as required,
and repair existing
ineffective expansion joints.

 3. Surface cracks in post-
tensioned slabs prior to
tendon stressing (typically
perpendicular to long
dimension).

Concrete shrinkage during
curing process.

As water naturally evaporates
out of slab, voids are left
causing shrinkage cracks.

Cracks typically close after
stressing. No repair is
usually required.

 4. Cracks, or buckling, at top
of walls supporting
sloping roofs.

Inadequate horizontal
restraint at top of walls,
causing walls to bow outward
and drywall to separate as
ridge settles and sloping roof
members push wall laterally.

Inadequate design or
construction, missing collar
ties, or overloading of roof or
attic.

Add collar ties or reinforce
ridge and eliminate any
overloading.

 5. Spalled concrete at corner
of foundations supporting
brick walls.

Brick bonds to grade beam
when wall thermally expands
and contracts.

Lack of bond breaker between
brick and brick ledge.

Spalled area can be
cosmetically patched with a
bonding agent and non-
shrink grout.

 6. Cracks along gambrel and
other vaulted ceilings,
usually on exterior walls.

Ceiling joists are supported
by rafters, and rafters expand
and contract more than
ceiling joists due to
temperature changes.

Ceiling joists and rafters may
not be adequately nailed
together or supported.

Provide flexible material,
such as caulking, at drywall
intersections of sloping roof
and ceiling.

 a. Excessive deflection of
beams and stud wall plates,
causing drywall to crack.

 a. Undersized wood beams,
improper support of wood
beams, or overloaded attic
roof members.

 a. Analyze wood support
beams and reinforce as
required. Investigate
whether there is adequate
support for beams.

 7. Sags and cracks in drywall
ceiling.

 b. Inadequate nailing.  b. Improper construction or
loss of nails due to
popouts resulting from
wood shrinkage.

 b. Add nails.

 8. Cracks and spalls in first
story brick, when second
story is wood-framed and
second story exterior walls
are not clad with brick.

Excessive gravity loads on
brick resulting from
inadequate support of second
story.

Improper engineering,
construction or overloading;
second story may be
supported by brick that may
not have been designed to be
load-bearing.

Adequately support second
story walls, and eliminate
any overloading.
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NEGATIVE
PHENOMENON

PROBABLE CAUSE
OF PHENOMENON

POSSIBLE REASON
FOR CAUSE

REPAIR RECOMMENDATION

 9. Ground floors are
noticeably out of level, but
there is no apparent
evidence of distress.

Slab may have been
originally constructed out of
level.

Formwork not level during
construction.

Begin slab elevation
monitoring program on a
quarterly basis to confirm
there is no abnormal
movement.

 a. Shrinkage of wood
members.

 a. Wood members may have
become wet during
construction.

 a. Wait approximately two
years for wood shrinkage
to subside, and then repair.

 b. Infiltration of moisture
into wall or ceiling.

 b. There may be a roof, wall,
or plumbing leak.

 b. Repair leaks.

 10. Nails popping out of walls
and ceilings in structures.

 c. Structural framing
movement.

 c. Flexure due to wind.  c. Consult structural
engineer.

 11. Crown molding separation
in newly constructed
structures.

Shrinkage of wood members
or caulking.

Wood members may have
become wet during
construction, and shrunk
while drying.

Wait approximately two
years for shrinkage to
subside, and then repair.

 a. Shrinkage of wood
members.

 a. Wood members may have
became wet during
construction, and shrunk
while drying.

 a. Wait approximately two
years for shrinkage to
subside, and then repair.

 12. Drywall separation around
tape seals and corner
beads in newly constructed
residences.

 b. Insufficient bonding of
corner beads at joints.

 b. Insufficient nailing of
corner beads.

 b. Add more nails or screws,
and then refloat.

 a. Concrete may have
impurities in cement
matrix.

 a. Deleterious chemical
reactions may cause
cracking of concrete.

 a. Wait until cracking
appears dormant, and then
repair as needed.

 b. Concrete shrinkage during
curing process.

 b. As water naturally
evaporates out of slab,
voids are left causing
shrinkage cracks.

 b. Wait until cracking
appears dormant, and then
repair as needed.

 c. Surface shrinkage cracks
due to excess water during
foundation construction.

 c. Over vibration during
foundation construction
with excessive bleeding of
concrete.

 c. Wait until cracking
appears dormant, and then
repair as needed.

 13. Miscellaneous cracking in
concrete foundation with
no apparent distress in
superstructure.

 d. Crack around
reinforcement.

 d. Moisture penetrated
concrete and caused rebar
corrosive expansion,
resulting in concrete
spalling.

 d. Wait until cracking
appears dormant, and then
repair as needed.

 14. Short horizontal brick
cracks at window lintels.

Lintel corrosion expanding
and lifting brick.

Inadequate lintel corrosion
protection.

Remove rust, clean, paint,
and seal exposed lintel ends.

 a. Door hinge is loose.  a. Screws are too small or too
short for weight of door.

 a. Tighten or replace hinge
with longer screws.

 b. Door hinge is too small.  b. Hinge is too weak or not
enough hinges.

 b. Replace or add additional
hinges.

 15. Doors that bind at bottom,
but are easy to open or
close if lifted by knob.

 c. Door has sagged or racked.  c. Glue that binds door
components together has
deteriorated.

 c. Replace door.

 16. Masonry cracks adjacent to
garage door jamb 1-ft to
2-ft above slab, frequently
with outward displacement
of brick at crack, and
frequently with misaligned
garage door jamb.

Veneer or jamb damaged by
horizontal impact load.

Veneer or jamb hit by
passing auto bumper.

Repair brickwork and
wooden jamb.
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NEGATIVE
PHENOMENON

PROBABLE CAUSE
OF PHENOMENON

POSSIBLE REASON
FOR CAUSE

REPAIR RECOMMENDATION

 17. Cracks in individual floor
tiles, but cracks do not
connect to other cracks in
adjacent tiles and there are
no mortar cracks.

Cracks are inherent in tile
material.

Cracks passed inspection
during tile manufacturing
process or tile was damaged
by installation or fallen
object.

Replace tile if not
cosmetically acceptable.

 a. Concrete continued to
shrink during curing
process after floor tiles
were installed, leaving
small cosmetic hairline
cracks.

 a. Cracks due to continued
concrete shrinkage cause
reflective cracking in tiles
that are bonded to concrete
floors.

 a. Wait until cracking
appears dormant, and then
replace tiles (typically 1 to
2 yrs). When replacing
tiles, provide an
elastomeric membrane
between tiles and concrete
that prevents bonding.

 18. Continuous cracks in grout
lines and/or hard surface
floor tiles in newly
constructed residences.

 b. Internal overstress in tile
resulting from inadequate
gap between edge of tile
and wall, cabinets,
bathtubs, or other fixtures
that are installed before
tile is set.

 b. Expansion of tile or
shrinkage of concrete
substrate may lead to
compressive stress
buildup in tile if edges of
tile are restrained from
horizontal movement.
Inadequate clearance may
be due to improper design
or construction.

 b. Remove grout adjacent to
walls and fill with caulk.

 19. Doors that open or close
on their own (ghost
doors).

Door is not plumb. Poor installation. Slightly bend hinge pin, or
add shims to realign.

 20. Doors do not latch. Keeper is out of alignment. Poor installation. Move keeper.

 21. Dips or humps in floor
system at second floor.

Floor system was not
constructed level.

Floor system was constructed
out of level or has deflected
excessively due to
overloading.

Consult structural engineer,
and eliminate any
overloading.

 22. Buckled trim boards
around window sills and
other areas where moisture
can occur.

Trim boards became wet and
swelled.

Materials used are simulated
wood products sensitive to
moisture changes.

Repair or replace with wood
or other product less
sensitive to swelling.

 23. Wrinkling in vinyl floor
sheathing.

Inadequate bonding. Inadequate adhesive, floor
preparation, and/or water
migration.

Remove and replace vinyl
flooring and eliminate any
moisture migration.

 24. Loose carpet seams. Inadequate carpet
installation.

Adhesive not sticking, carpet
cross-laid, and/or bad edge
cutting.

Repair carpet.

 a. Carpet became wet.  a. Carpet stretched when wet.  a. Dry and re-stretch carpet. 25. Wrinkled carpet.
 b. Carpet is loose.  b. Carpet is not adequately

attached to tack strips.
 b. Re-stretch and secure

carpet.

 26. Buckles in wood floor
planks.

Wood planks became wet and
swelled.

Wood products are sensitive
to moisture changes.

Eliminate moisture
migration.

 27. Cracking and buckling of
drywall around HVAC
vents.

Local overstress due to
thermal expansion and
contraction.

Difference in expansion and
contraction characteristics of
drywall and metal.

Allow for thermal expansion
between HVAC vent and
drywall.
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PREFACE

This document has been developed by a group of Structural Engineers in southeast Texas with the
goal to attain the geotechnical information they believe is necessary to adequately perform their
structural designs. Their need for this document has been prompted by a large number of residential
and light commercial foundation problems, some of which have been the subject of litigation. As a
result, this document has been prepared specifically for the Structural Engineers’ use. However, it is
made freely available to the public through the Foundation Performance Association at
www.foundationperformance.org so others may have access to the information and may adapt it to
their work as they see fit. To ensure the document remains as current as possible, it is intended to
be periodically updated under the same document number but with new revision numbers.

This document is a recommended practice only and is therefore intended to be neither
comprehensive nor a substitute for engineering judgment or for local or standard codes and practices.
The user should recognize that there is always the possibility this recommended practice might not
be fully adaptable to the site being investigated and in those cases, the use of engineering judgment
will be paramount. The intent of this document is to detail certain minimum requirements
recommended for the geotechnical exploration and report, thereby ensuring that the Structural
Engineer receives the information needed to perform an adequate foundation design. Thus,
Geotechnical Engineers preparing proposals for a geotechnical exploration and report in accordance
with this recommended practice must all follow certain minimum proposal requirements, which can
help ensure a more uniform selection process during the procurement of their services.

In requiring the use of this recommended practice, the participating Structural Engineers understand
that the request for the information specified herein would most likely increase the cost of the
geotechnical work, since there is no intent to delete any of the work currently being executed in the
geotechnical industry. However, they should also realize that this additional cost is necessary in
order for them to better understand the soil characteristics of the site on which they plan to design a
foundation.

When using this recommended practice, it is expected that the Client will provide a description of
the foundations and structures proposed for the site. In addition, the Client should provide site
plans that show the foundation outline(s), the foundation location(s), and the location and species of
any trees that are planned to be removed and that have trunk diameters equal to or greater than 6
inches. If the lots are Wooded Lots, it is intended that the Client will provide a tree survey to the
Geotechnical Engineer, showing the location, sizes, species and condition of the trees on each lot.
The Client should not discount this requirement as something less than a necessity. Though not
recognized locally to be a problem as recently as ten years ago, trees in this area are now known or
at least suspected to be the main contributor in the majority of foundation problems in the local
market. Therefore the recommendations addressing trees should not be taken lightly.
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This recommended practice addresses a geotechnical report prepared specifically for foundation
design and construction. In new subdivisions, the type of geotechnical report that addresses the
streets and utilities is not acceptable as a substitute for the work specified herein. Preferably, the
borings for a new subdivision should be taken after the streets are cut and the lot’s fill is compacted.
If however, the geotechnical exploration is made before the streets are cut, then it is the intent of this
recommended practice that a separate exploration will later be procured in order to verify the
required density, moisture content, and Atterberg limits for the fill material.

This recommended practice is written specifically for use in Houston and the general southeast area
of Texas. Therefore, it should be used with caution if utilized elsewhere or if adapted for
foundations other than those supporting residential or light commercial structures.

The main purpose of this recommended practice is to bring certain minimum requirements together
into one document for local Structural Engineers to use in part or in whole, as they see fit. It is not
meant to imply that problems will not occur if geotechnical explorations and reports comply in part
or in whole with this recommended practice. The Foundation Performance Association and its
members make no warranty regarding the recommendations contained herein and will not be liable
for any damages, including consequential damages resulting from the use of this document.

DEFINITIONS

For the purpose of this document, the following definitions apply:

Builder – The general contractor responsible for performing the construction of the foundation,
including the site work.

Client – The person or company using this recommended practice in the procurement of the
geotechnical exploration and report.

Geotechnical Engineer – The engineer or engineering firm responsible for performing the
geotechnical exploration and for providing a report of the results.

Structural Engineer – The engineer or engineering firm responsible for performing the structural
design of the foundation.

Wooded Lot – A lot that contains at least one tree per thousand square feet (1 per 1000 SF) of lot
area, with those trees having trunk diameters greater than or equal to 6 inches. Note that the trunk
diameter measurement is intended to be made at approximately chest-height above the ground level.
Although the proper term for tree stem diameter in arboriculture is “caliper”, that term is purposely
not used herein because it is sometimes confused with “circumference” when measuring trees.
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1.0 MINIMUM CRITERIA

The following subsections outline the Geotechnical Engineer’s minimum requirements in accordance
with this recommended practice.

1.1  General
The Geotechnical Engineer should provide the Structural Engineer and Builder with sufficient
information to enable them to: (a) design a structural foundation that is appropriate for the site
conditions and is capable of adequately supporting the given building design loads, (b) provide a safe
foundation design that meets local code and professional standards, and (c) carry out the site work
and foundation construction in a safe and efficient manner. The Geotechnical Engineer should advise
the Client if any requirements herein are in direct conflict with local codes and professional
standards. In addition, the Geotechnical Engineer should carry out the work and prepare the report
with the assumption that the Structural Engineer will never actually see the site for which the
foundation will be designed.

1.2  Site Exploration
It is the Geotechnical Engineer’s responsibility to investigate the site as required to comply with
local codes, professional standards and the requirements of this recommended practice. In addition,
the site exploration should include the following minimum criteria:

1.2.1  Area Reconnaissance
The Geotechnical Engineer should check the area of the building site and the area surrounding
the site for any anomalies such as streams, ponds, fill, dumps, existing above-grade
structures, escarpments, slopes, poor draining areas, seeps, outcrops, large trees, tree
stumps, erosion, structures, roadways, railways, areas that appear to be wetlands, or
anything else that will help the Builder and Structural Engineer understand the prior and
present land use of and around the site. Representative color photos of the site should be
recorded at the time of the site exploration and should be included in the final report. Where
possible, the photos should include portions of the properties adjacent to the site. All
anomalies, including trees and tree stumps with trunks equal to or greater than 12 inches
diameter should be located on the boring plan. On Wooded Lots the Geotechnical Engineer
should superimpose the data from the Client-supplied tree survey on his plans.

1.2.2 Boring Quantities and Locations
a. For new residential subdivisions that are anticipated to have grade-supported

foundations, at least one boring per 5 lots is recommended, but not less than one boring
every two acres.

b. For new residential subdivisions that are anticipated to have pier-supported foundations,
at least one boring per lot is recommended.

c. For individual residential lots or for properties with light-commercial buildings, one
boring for every 2,500 square feet of building ground floor slab, but a minimum of two
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borings for the lot. The borings should be taken inside the projected building perimeter or
as close as possible, if obstructions exist.

d. For lots with predominately cohesive soils and with trees growing within 25 feet (even if
located on adjacent property) of the proposed foundation, one boring should be taken
within 10 feet, or as close as possible, of the largest tree having a trunk size equal to or
greater than 12 inches diameter, even if this dictates an additional boring for the lot.

e. For additions of less than 1000 square feet, one boring is adequate, except that the boring
should be taken within the proposed foundation area and the recommendations in
Paragraph 1.2.2d are still applicable.

1.2.3  Boring Depths
Boring depths below are measured from the grade existing at the time of the site exploration.
a. The minimum depth of every boring should be 20 feet. However, if the upper 10 feet are

predominately cohesionless, then the minimum depth may be reduced to 15 feet.
b. On Wooded Lots, or lots containing one or more trees with trunks equal to or greater

than 12 inches diameter, and if these lots contain predominantly cohesive soils, borings
should be a minimum of 25 feet depth.

c. For sloped lots, where the proposed foundation is to be situated at a height H above the
toe of an embankment (or estimated toe if submerged), if the horizontal distance from the
foundation to the toe is less than 4H, then the depth of borings recommended should be a
minimum of 2H.

1.2.4  Sampling Frequency
a. Undisturbed samples should be taken at a minimum of 1-ft, 2-ft, 4-ft, 6-ft, 8-ft, 10-ft,

12-ft, 16-ft, 20-ft depths, and thereafter at a maximum of 5-ft intervals.
b. If fill is known to have been placed on the site, sampling frequency should be increased

to one sample per foot in the fill regions.
c. A sample should also be taken at the bottom of the borehole.

1.2.5  Field Testing and Logging
a. Each sample should be visually classified and logged during retrieval.
b. Existence and depth of roots should be noted.
c. Hand penetrometer testing should be done and reported on all cohesive samples.
d. Standard penetration testing should be done and reported on all cohesionless samples.
e. After the borehole is complete, measurements of the free water surface should be made

and logged at completion of the borehole, and then again upon completion of the
sitework, with that time interval being reported.

1.3  Laboratory Testing
The Geotechnical Engineer should perform sufficient laboratory testing to comply with the
requirements of standard codes and local practices. However, the following laboratory testing is
recommended as a minimum:
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a. Existence and depth of roots or root fibers should be observed and reported for each soil sample.
b. Moisture contents should be performed on all samples retrieved.
c. In cohesive soils, Atterberg testing should be performed on a minimum of one third of the

samples retrieved, with emphasis towards the upper strata. Reports should include plastic
limits, liquid limits, and plasticity indices.

d. In cohesive soils, the percentage of clay (minus 2 microns) should be tested using a hydrometer.
e. Cohesive samples at the recommended foundation bearing depths may be tested using the

torvane testing device provided a baseline test is made using unconfined compression tests for
comparison.

f. For lots that have predominately cohesive soils, testing at each boring location should be done to
determine soil suction. Soil suction tests should be conducted using the transistor psychrometer
method, the filter paper method or other methods that give similarly reliable suction values.
Where suction testing is recommended, it should be done at sample depths of 2-ft, 4-ft, 6-ft, 8-
ft, 10-ft, 12-ft, 16-ft and 20-ft, but may be terminated earlier at the depth of constant suction, if
determined.

1.4  Reporting
The Geotechnical Engineers may use their own standard reporting techniques. However, the final
report should also contain the following where applicable:
a. A statement confirming that the geotechnical exploration and report are in accordance with the

requirements of this recommended practice. If any exceptions are taken, the report should note
each exception and the reason for taking the exception.

b. A general description of the site and surrounding properties, specifically addressing the
anomalies as discussed in Paragraph 1.2.1.

c. Color photos of the proposed building site and where possible, adjacent properties. A minimum
of two photos is recommended, but the total number of photos should at least be equal to the
total number of borings.

d. A plot plan showing the approximate location of borings, tree trunks equal to or greater than 12
inches diameter and all anomalies as described in Paragraph 1.2.1. In the case of trees, include
species where known, the condition of the tree if not healthy (i.e., “dying,” or “dead”) and show
trunk diameters, measured at chest-height. If the site personnel are unable to identify the tree
species, then an attempt should be made to classify them into categories that help the user to
estimate the potential water usage of the tree. For example a tree could be classified as either a
hardwood or pine. Alternatively, it could be classified either as a broadleaf or conifer.

e. Boring logs that include all field and laboratory tests results, unless particular data is presented
on other charts or tables.

f. Descriptions and classification of the materials encountered.
g. Elevation of the water table, if encountered. If no water was encountered, the report should state

that the holes were “dry”.
h. Provisions to mitigate the effects of expansive soils.
i. Recommendations on earthwork stabilization requirements (including requirements for slope

stability) needed to prepare the site before the foundation can be constructed.
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j. A discussion on foundation maintenance required in order to maintain the design.
k. Combined (i.e., for the various borings) plots of moisture content profiles and plastic limit

profiles vs. boring depths.
l. Plots or tables showing the percentage of clay in cohesive samples as determined from

hydrometer testing.
m. A discussion of the degree of saturation or desiccation of the site as compared to the estimated

equilibrium moisture contents of the samples. This can be presented graphically depending on
the method used (e.g., a graph of moisture content minus plastic limit vs. depth).

n. Combined (i.e., for the various borings) plots of suction values vs. boring depths.
o. Interpreted output from the suction testing including the moisture active depth, the movement

active depth, the edge moisture variation distance and the probable vertical movement, both up
and down, of the ground surface.

p. Specific discussion of trees to be removed before construction and of trees that are to remain
after construction is complete, if known.

2.0  SPECIAL  REQUIREMENTS

In addition to the general minimum criteria discussed above, there are some specific requirements
that may be applicable to the Geotechnical Engineer, depending on the Client’s needs. These
requirements are as follows:

2.1  Slab-On-Grade Design Parameters
Regardless of the type of building foundation planned, if design recommendations are provided for
slab-on-grade foundations, then the Geotechnical Engineer should provide recommendations as
outlined in both (a) WRI’s “Design of Slab-on-Ground Foundations,” latest edition and (b) PTI’s
“Design and Construction of Post-Tensioned Slabs-On-Ground,” latest edition.

2.2  Drilled Piers Design Parameters
If design recommendations are requested or made for drilled piers such as those recommended for
slab-on-piers (at grade), suspended (structural) slabs, or structural floor-on-piers (i.e., with a crawl
space) foundations, then the Geotechnical Engineer should provide recommendations for pier depth
that takes into account possible upward and lateral movements as well as the normal downward
movement due to gravity loads. Upward movement should be addressed if the soil is predominately
cohesive. Lateral movement should be addressed if the site has pronounced slopes or if substantial
fill is planned or has already been placed. In addition, the Geotechnical Engineer should also provide
similar design recommendations as specified in Paragraph 2.1. Further, allowable design loads and
recommended depths should be provided for both (a) drilled and under-reamed piers and (b) drilled
straight shaft (skin friction) piers, in order to give the Client an opportunity to perform or obtain a
cost/benefit study.



FPA-SC-04-0                              Recommended Practice for Geotechnical Explorations and Reports 11 April 2001
Issued for Website Publishing                           Foundation Performance Association – Structural Committee Page 9 of 9

2.3  Suspended Slab Design Parameters
If design recommendations are requested or made for the entire slab to be suspended above the soil
using a structural slab system, the report should prescribe the recommended void box height. In this
case, the report should also advise the maximum possible heave the surface of the soil could
experience if the site is exposed to an unlimited source of moisture.

2.4  Select Fill Parameters
On sites that require select fill be added to reduce the expansiveness of the in-situ soil, the
Geotechnical Engineer should provide several options (e.g., different thickness of select fill/natural
soil removal combinations versus potential heave/subsidence) that will allow the Client an
opportunity to perform or obtain a cost/benefit analysis.

_________________



• , 
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PREFACE

This document has been developed by a group of foundation design engineers in Southeast Texas
with the goal to educate homeowners, low-rise building owners, and tenants of their duties to
maintain their foundations.  Foundations, like other parts of a home or building, require a certain
amount of maintenance to avoid premature deterioration.

The need for this document has been prompted by a large number of residential and low-rise
building foundation problems in Southeast Texas, some of which might have been avoided had
owners and tenants properly understood the foundation engineer's design basis and provided the
required foundation maintenance.  As a result, this document has been prepared and made freely
available to the public through the Foundation Performance Association at
www.foundationperformance.org so that owners, tenants, realtors, builders, inspectors, engineers,
architects, repair contractors, and others involved with residential and other low-rise building
foundations may benefit from the information it contains.

A properly engineered foundation will be designed to support its superstructure and buffer it from
ground movements and other loadings so that the structural and architectural components do not
show significant distress.  As with any engineering design, there will be design assumptions made
which limit the scope of design so that a foundation can be constructed which is not only strong,
meeting the requirements of the Building Code and accepted standard engineering practice, but is
also affordable.

The foundation design engineers will want building owners to be satisfied with the performance of
the foundations for their buildings.  However, building owners must be practical about the nature
of the area in which they have built.  They must expect and accept a certain amount of foundation
movement.  With proper maintenance, this movement can be minimized.  This document details
the responsibilities that foundation design engineers need and expect from the owners and tenants.
By following the recommendations contained within this document, the maintainer can greatly
increase the probability that the foundation will perform as originally designed.

This document was written specifically for use in the southeast region of the state of Texas and
primarily within the City of Houston and the surrounding metropolitan area.  Therefore, it should
be used with caution if used elsewhere, or if adapted for foundations other than those supporting
residential or low-rise structures.  The Foundation Performance Association and its members make
no warranty regarding the information contained herein and will not be liable for any damages,
including consequential damages, resulting from the use of this document.

http://www.foundationperformance.org/
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DEFINITIONS

For the purposes of this guide, certain terms are defined as follows:

Foundation is defined as a composite of soil, concrete, steel, wood, plastic, and other materials
that are designed to work together to provide a stable base that supports a superstructure.

Superstructure is defined as the building components above the foundation such as the structural
framing and the architectural coverings for the floor, walls, ceilings, and roof.

Foundation Design Engineer is defined as a licensed professional engineer that designs
foundations (also called Engineer of Record).

Maintainer is defined as the person or group responsible for monitoring and maintaining the
condition of the foundation, usually the owner or tenant.

Sand is defined as soil particles that are at least 0.06 millimeters but less than 2.0 millimeters in
diameter.  (Note: 1 millimeter = 0.039 inch)

Silt is defined as soil particles that are at least 0.002 millimeters (2 microns) but less than 0.06
millimeters in diameter.

Clay is defined as microscopic soil particles measuring less than 0.002 millimeters (2 microns) in
diameter.

Non-Expansive is defined as a property of soil, indicating the soil particles have little potential to
swell when moisture is absorbed by them and little potential to shrink when moisture is extracted
from them.

Expansive is defined as a property of soil, usually clay, indicating the soil particles have a
potential to swell when moisture is absorbed by them and to shrink when moisture is extracted
from them.  The shrink-swell movements can be in all six directions but the directions of most
concern in this guide are the vertical upward (heave) and the vertical downward (subsidence)
movements, as defined below.

Settlement is defined as downward movement of underlying supporting soils under load, taking
with it the foundation and superstructure, and is due to the immediate elastic compression and
distortion of granular or clay soil particles, and the long-term consolidation resulting from gradual
expulsion of pore water from voids between saturated clay soil particles.  Settlement may occur in
all types of soils.

Subsidence is defined as downward movement of underlying supporting expansive soils, taking
with it the foundation and superstructure, and is due to the extraction of moisture from the
expansive soil particles, and consequently, shrinkage of the expansive soil particles.

Heave is defined as upward movement of underlying supporting expansive soils, taking with it the
foundation and superstructure, and is due to the addition of moisture to the expansive soil
particles, and consequently, swelling of the expansive soil particles.
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1.0  INTRODUCTION

This foundation maintenance guide is divided into several parts, summarized as follows.  In
Section 2, initial survey requirements are discussed.  These initial survey requirements are targeted
for use by the maintainer.  The intent is that they will be implemented upon initial occupation,
whether the structure is new or used.  In Section 3, the regular maintenance requirements are
summarized, and the requirements for maintenance of the foundation are detailed.  In Section 4, a
foundation design philosophy is presented, giving the user an understanding of typical
assumptions made by the foundation design engineer to design a foundation.  Finally, the
appendices contain checklists for maintainers to print and use in surveying and maintaining their
foundations.

2.0  INITIAL   SURVEY   REQUIREMENTS

2.1  General
Soon after the initial purchase of the structure is complete, the maintainer may use the checklists
in Appendices A and B to determine what action may be required to help ensure that the original
foundation design philosophy will not be compromised.  The items in the checklists apply whether
the purchase is for a new or a used structure.

If there are any signs of distress, the maintainer should employ an experienced consultant, such as
a licensed structural inspector to determine if the distress is indicative of a foundation movement
problem.  It the structure is newly built, the original builder and or foundation design engineer of
record should be contacted since they will already be familiar with the structure and usually have
some responsibility to ensure its performance.

If the distress is found to be the result of foundation movement, the inspector/builder/engineer of
record may recommend that a forensic engineer or other forensic consultant then be hired to
investigate the cause of movement.  The inspector/builder/engineer of record should also provide a
level distortion survey of the foundation.  Even if they do not find a cause for concern, the level
distortion survey and other documentation provided will be a valuable baseline for a forensic
engineer or other consultant to use in case there is foundation movement in the future.

If there are signs of distress for which the maintainer is unsure if they are attributable to
foundation movement, it may be helpful to refer to the Foundation Performance Association’s
technical paper # FPA-SC-03, Distress Phenomena often Mistaken for Foundation Movement,
freely available to the public at www.foundationperformance.org.

Since foundations on expansive soils have maintenance requirements that differ from or are
additional to those for foundations on non-expansive soils, the maintainer should determine if the
building is located in an area where expansive soils exist or are likely to exist.  One sure way to
make this determination is to engage a geotechnical engineer to sample and test the soils at the
building site, but this method may cost more than the maintainer is willing to spend.  A less
expensive but less accurate method is to obtain the soil survey booklet from the U.S. Department
of Agriculture for the county where the building is located.  Alternately, the maintainer may
contact the applicable City or County engineering office and question the building inspectors
about their knowledge of expansive soils in the area.

http://www.foundationperformance.org/
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2.2  Exterior Survey
Soon after the initial purchase of the structure is complete, the maintainer should make a
reconnaissance-type survey of the site and exterior of the structure for evidence of problems
affecting the foundation design.  Photographs or other documentation should be made of any
obvious or suspected distress or other anomalies observed.  For later comparison purposes, it is
also recommended to take photographs of all exterior perimeter walls to document their initial
condition.  A typical checklist that may be followed for this survey is shown in Appendix A.

2.3  Interior Survey
Soon after initial occupation, the maintainer should make a reconnaissance-type survey of the
interior of the structure for evidence of problems that are indicative of past unusual movement of
the foundation.  Photographs or other documentation should be made of any obvious or suspected
distress or other anomalies observed.  A typical checklist that may be followed for this survey is
shown in Appendix B.

3.0  REGULAR   MAINTENANCE   REQUIREMENTS

3.1  General
During the entire period of ownership, the maintainer should regularly provide maintenance in
accordance with the checklists in Appendices C and D to help ensure that the foundation
performance and original foundation design philosophy will not be compromised.  An interval of
twice per year is recommended to monitor the site and structure for required maintenance.  The
best time is after extreme dry or wet weather periods.

During the surveys outlined in the following subsections, the maintainer should review initial
survey photographs and other documentation for changes that have occurred.  If there are any new
signs of obvious or suspected distress, the maintainer should, after first referring to technical
document # FPA-SC-03 (see Section 2.1), seek the services of a forensic engineer or other
forensic consultant to determine the cause of distress.

3.2  Exterior Maintenance
Approximately every six months, the maintainer should make a reconnaissance-type survey of the
site and exterior of the structure for evidence of new or reoccurring problems affecting the
foundation performance.  More photographs should be taken or other documentation should be
made of any new obvious or suspected distress or other new anomalies that are observed.  A
checklist that may be used for this survey is shown in Appendix C.

3.3  Interior Maintenance
Approximately every six months, the maintainer should make a reconnaissance-type survey of the
interior of the structure for evidence of new or reoccurring problems affecting the foundation
performance.  If any new phenomena have developed, do not repair them without first having a
forensic engineer or a forensic consultant investigate the cause of the distress.  More photographs
or other documentation should be made of any new distress observed.  A checklist that may be
followed for this survey is shown in Appendix D.
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4.0 FOUNDATION   DESIGN   CONSIDERATIONS

4.1 General
Depending on its type, location, and the year in which it was constructed, the foundation for the
home or low-rise building may have been engineered by a professional engineer who was licensed
by the state.  In the cases where this was done, the foundation design engineer would most
probably have required that a soil exploration be carried out and reported by a geotechnical
engineer, also licensed by the state.  However, even if it was not an engineered foundation, this
section should still give the user insight to the typical foundation design philosophy so that the
reasons for providing the maintenance discussed above may become apparent.

4.2 Foundation Types
The foundation’s primary function is to provide a stable support for the superstructure, keeping
superstructure distress to a minimum.  A description of the types of foundations commonly used in
the Southeast Texas area follows:

A. Slab-on-Grade:  This foundation type is the most commonly used and consists of cast-
in-place concrete slabs stiffened with grade beams and supported by the surface soils
(includes both post-tensioned and conventionally reinforced foundations).

B. Slab-on-Piers:  This foundation is similar to Slab-on-Grade with a soil-supported slab,
except the grade beams are supported on drilled cast-in-place concrete piers.  The grade
beams are designed to span between the piers, but the slab is normally not designed to
span between the grade beams.

C. Structural Slab on Piers:  This foundation consists of cast-in-place reinforced
concrete slabs and beams supported on drilled cast-in-place concrete piers, and that is
not supported by, but rather usually spans a few inches above, the surface soils.

D. Pier-and-Beam: The first floor framing system for this type of foundation is built well
above the ground, creating what is commonly called a “crawl space”.  Typically, there
is no concrete slab in this system, and the first floor is framed with wood.  The “beam”
is part of the framed first floor and spans from pier to pier.  The “pier” in this case is an
aboveground support, typically cast-in-place concrete or reinforced masonry columns.
The aboveground piers are in turn typically supported on drilled cast-in-place concrete
piers or cast-in-place concrete spread footings.

Following are some variations of Pier-and-Beam:

1) Crawl Space on Grade Beam:  This foundation system consists of a framed
first floor supported on framed walls, which are supported on cast-in-place
concrete grade beams.

2) Crawl Space on Piers:  This foundation system is similar to Crawl Space on
Grade Beams, except the grade beams are in turn supported on drilled and cast-
in-place concrete piers.
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For a more complete listing of foundation types and their various components, and the reasons for
using or not using each, please see the Foundation Performance Association’s technical paper #
FPA-SC-01, Foundation Design Options for Residential and Other Low-Rise Buildings on
Expansive Soils, at www.foundationperformance.org (scheduled to be published and freely
available late 2003).

4.3  Superstructure Types
The superstructure or framing scheme is the “skeleton” that supports the building enclosure and
finishes.  The most common types of superstructures used in the area are:

A. Beam and Column:  This framing system concentrates the building weight to the
foundation in small areas or “points” located at the bases of the columns.  Typically, a
drilled and underreamed cast-in-place concrete pier or cast-in-place concrete spread
footing is placed at this point load.  The rest of the foundation carries less load than do
these points.

B. Joist and Wall:  This framing system spreads the building weight more uniformly on
the foundation, and this affects the location of grade beams and piers or spread
footings.  The walls may be wood stud, cold-formed steel stud, masonry, or concrete.

4.4  Architectural Coverings
Different types of finishes respond differently to movement.  Brittle surfaces, such as stucco,
masonry, gypsum board (drywall), glass, and tile, cannot tolerate as much movement as flexible
surfaces, such as carpet, wood, and vinyl.  This affects the design of the superstructure as well as
the foundation.

4.5  Soil Types
Of the various materials making up a foundation, the soil is the one of most concern.  Because the
soil has the ability to expand, contract or settle, it can load the superstructure as well as support it.
The area contains various soil types, which include sand, silt, and clay.  Much of the clays in the
Houston area, especially those south of Interstate 10, are expansive.  Movements in these soils
may result in loss of support or the exertion of tremendous upward pressure on foundations,
causing unsightly distress to the superstructure.

Unless they have been penetrated by tree roots or have widely disseminated fissures and cracks
due to desiccation, the clays in the area often have low permeability, and when found a few feet
below a granular surface material such as silt and sand, they can cause perched water tables to
occur.  When this happens, water is trapped in the silts and sands above.  This saturation can cause
the soil to lose much of its bearing capacity, consequently causing settlement of the foundation
and superstructure.

The area also has active faults, which can cause severe foundation and superstructure distress.
However, sites with active faults are usually obvious and well defined, so that foundations today
are rarely constructed over them.  Many other conditions exist that cause foundation movement,
such as instability of sloping soil near a bayou or creek, or improper compaction of fill.  Their
discussion is beyond the scope of this document.

http://www.foundationperformance.org/
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4.6  Soil Moisture
If expansive, the foundation support soils expand and contract due to changes in moisture content.
Changes in moisture content can cause very large changes in soil volume when going from a dry
to a saturated condition, and vice versa.  This movement does not mean the foundation is
improperly designed or that it has failed.  The foundation design engineer cannot control the
moisture content of the soil, but often the owner/tenant can.  Uniformity is the key: uniform
moisture content in the soil, uniformly maintained in all areas around the foundation.

If changes in moisture content are uniform, then movement of the foundation will be uniform and
less distress will be created in the structure.  If changes in moisture content are non-uniform, then
there may be differential movement in the foundation.  Differential movement can cause greater
(and more obvious) distress in the structure.

Leaking pools, leaking plumbing lines, leaking drains, dripping faucets, dripping air conditioning
condensate lines, and misdirected water from clogged and broken gutters and downspouts can
cause local high moisture contents that can result in differential movement in areas of expansive
soils.  These conditions should be remedied as soon as possible.

Trees in or near the footprint of the foundation, either removed or planted during construction,
cause the majority of foundation problems requiring repair in this area.  Trees removed during
construction tend to cause heave of expansive soils during the first few years, with initial distress
often evident at the time of move-in.  Trees planted during or after construction tend to cause
subsidence of expansive soils.  However, significant subsidence distress will usually not occur for
ten to twenty years as the trees mature.

4.7  Site Drainage
It is extremely important, particularly in areas of expansive soils, that water drains away from the
foundation and not be allowed to pond against or near the foundation.  The soil around the
foundation should be graded to an obvious slope (two to five percent).  Fill in any low spots with
select fill (sandy clay) and level off any high spots.

4.8  Site Vegetation
Avoid the use of metal edging or other damming devices within five feet of the foundation,
particularly if the soils are expansive.  The roots of trees and large plants remove large quantities
of water from the soil.  If these trees and shrubs are near the foundation and if sufficient water is
not supplied, the soils may shrink if expansive, causing subsidence in the foundation.  During dry
periods, enough water should be supplied to trees to minimize shrinking of expansive soils around
them.  Most of the irrigation water should be applied well away from the foundation to attract the
tree roots in that direction.  When trees mature to the point of shading the entire lot, regular
pruning will be needed to reduce their water uptake.

Landscaping (plants, shrubs, flowers, etc.) should not trap water against the foundation.  Provide a
slope in soils below landscape bedding and in the bedding away from the foundation.
Alternatively, provide swales around and through the landscaping to drain water away.  Provide
uniform ground cover around the foundation.  This will help keep the moisture evaporation rate
uniform.  In areas that are not planted, use mulch.  Extend the ground cover at least five feet from
the foundation.
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4.9  Climate
During periods of dry weather, the soil around the foundation should be irrigated if the building is
located in an area where expansive soils are known to occur.  The most commonly used irrigation
system is aboveground timed sprinklers with a manual override so they can be turned off in rainy
weather.  An automatic belowground irrigation system that senses the moisture content of the soil
may also be used.

Tend to keep the irrigation system set on “manual”, and only use it in drier periods when wilting
of the lawn grasses and other vegetation occurs.  The irrigation should be done at least one to two
feet away from the foundation, and then lightly so that tree roots are not attracted there.  Do not
allow sprinklers to spray water against the structure.  In extended dry periods, should the soil
crack and pull away from the foundation, do not water directly into the gap.

4.10  Initial Soil Movement
Due to the changes in the environment and the load to the soils around a new foundation, the soils
have to be allowed to adjust and reach a new equilibrium.  This will result in some movement in
the soils, foundation, and superstructure.  The soils normally stabilize within the first one or two
years after construction.  However, this initial movement should not cause more than hairline
cracking in the superstructure and is usually undetectable to the common building owner that is
not looking for distress.

If more than hairline distress is observed, the maintainer should contact the
builder/inspector/engineer of record to determine if the distress is due to abnormal foundation
movement.  If the observed movement is believed to be abnormal, then a forensic engineer or
forensic consultant should be contacted to determine the cause of movement.

____________________________
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APPENDIX A -  INITIAL EXTERIOR SURVEY                                 Date_________

Category   Items to Check  (at the time of purchase or move-in) √

Check that there are no cracks or separations in the walls if the structure is
new.
Check that the observed cracks or separations are no more than hairline if the
structure is used and is less than 10 years old.
Check that the observed wall cracks or separations are no more than 1/8” wide
if the structure is more than 10 years old.

Cracks &
Separations

Check that vertical expansion joints in brick are uniform in width.
Check that water does not pool near the foundation after a heavy rain.  If it
does, bring in fill and re-grade or add an underground drainage system with
area drains.
Check that the grade slopes away from the foundation at least 1 inch vertical
per foot horizontally for the first 5 feet all around the perimeter (may be less
where paving occurs).  If necessary, revise the grade with sandy clay (not sand
alone) fill or add underground drainage.
Check that where paving occurs near the structure, that it positively drains
away from the foundation.  If not, add underground drainage with area drains
or re-pave.
Check that downspouts and gutters are clean and water from downspouts is
directed away from the foundation.

Drainage

Check that gutters and downspouts exist and that downspouts are tied directly
into an underground drainage system or at least have aboveground extensions
(e.g. flexible plastic pipe or long concrete splash block) to carry the water at
least five to ten feet away from the building before it is allowed to run onto
the soil.  (Does not apply if the soil is known to be predominately non-
expansive.)
Check that there is no broadleaf tree (e.g., oak, ash, tallow, pecan, hackberry,
etc.) closer to the foundation than a distance equal to the height of the tree,
even if the tree is on an adjacent property.  (Does not apply if the soil is
known to be predominately non-expansive.)
Check that there is no conifer tree (e.g., pine) closer to the foundation than a
distance equal to the radius of its canopy, even if the tree is on an adjacent
property.  (Does not apply if the soil is known to be predominately non-
expansive.)

Vegetation

Check that there are no trees of any kind and no large shrubs growing next to
the foundation.  (Does not apply if the soil is known to be predominately non-
expansive.)
Check that there are no leaks near the foundation, such as a faucet drip or a
condensate drip from an air conditioning unit.  If found, repair as needed.
Check that the automatic sprinkler system (if applicable) is properly
functioning.  Change settings as required to keep watering uniform but to a
minimum (as needed to support the vegetation), particularly around the
foundation.  Set the cycle times to purposely water trees away from the
structure in an effort to establish their roots away from the foundation.

Water Leaks

Check that swimming pools, ponds, and fountains hold water without leaking.
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APPENDIX B -  INITIAL INTERIOR SURVEY                                 Date_________

Category   Items to Check  (at the time of purchase or move-in) √

Check that there are no cracks or separations in the coverings for the walls,
ceilings, or floors if the structure is new.Cracks &

Separations Check that the observed cracks or separations in the coverings for the walls,
ceilings, or floors are no more than hairline if the structure is used, but is less
than 10 years old.

Water Leaks
Check that all plumbing works properly, and that there is no stoppage or
leaks.  If a problem is found, repair as needed.
Check that each door hangs properly, i.e., it does not stick, swing open, or
shut on its own, and that there is no appreciable gap between the top of the
door and its doorframe header above.
Check that there are no uncomfortable floor slopes, easily noticed by walking
each room.
Check that wood rafters (where applicable) in the attic are not pulled away
from ridge members.

Miscellaneous

Check that there is no evidence of past drywall or other architectural repairs.
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APPENDIX C - REGULAR EXTERIOR MAINTENANCE               Date_________

Category   Items to Check  (at six-month intervals) √

Check for new or changed cracks or separations in the walls.  If some have
developed, do not repair them without first having a forensic engineer or a
forensic consultant investigate the cause of the distress.

Cracks &
Separations

Check that masonry expansion joints are of uniform width top to bottom and
the mortar joints are aligned.
Check that water does not pool near the foundation after a heavy rain.  If
found, correct the grade slope or add underground drainage.
Check the automatic sprinkler system (if applicable) for proper settings to give
the site vegetation sufficient moisture to keep it from wilting, but without
over-watering it.  As part of the check, look inside each underground valve
box and in the main water meter valve box to make sure they are dry.  If the
valves are submerged, suspect over-watering and stop watering in those zones
until they are again dry or until the vegetation begins to wilt.
Check that patios and flatwork around the structure are providing positive
drainage away from the foundation.
Check that fences, flowerbeds, or edging are not blocking drainage.
Check that downspouts and gutters are clean, and water from downspouts is
directed away from the foundation.

Drainage

Check for clogs or leaks in any existing downspout extensions, area drains, or
underground drainage pipes, and clean and repair as required.
Check that there is no broadleaf tree (e.g., oak, ash, tallow, pecan, and
hackberry, etc.) closer to the foundation a distance equal to the height of the
tree, even if the tree is on an adjacent property.  If such is the case, begin a
pruning program to keep the tree’s canopy at that size for the rest of its life.  A
reasonable pruning interval would be every 2 - 3 years.  (Does not apply if the
soil is known to be predominately non-expansive.)
Check that there is no conifer tree (e.g., pine) closer to the foundation a
distance equal to the radius of its canopy, even if the tree is on the adjacent
property.  If such is the case, begin a pruning program to keep the tree’s
canopy at that size for the rest of its life. A reasonable pruning interval would
be every 2-3 years.  (Does not apply if the soil is known to be predominately
non-expansive.)
Check that there is no new tree of any kind coming up next to the foundation.
If found, remove it.

Vegetation

Check that there are no shrubs next to the foundation that have grown to the
point where they approach a one story roof in height.  If found, cut them back
to window height or replace them with a smaller variety.  (Does not apply if
the soil is known to be predominately non-expansive.)
Check that no leaks have developed near the foundation, such as a faucet drip
or a condensate drip from an air conditioning unit, particularly from its
emergency overflow pipe.  If found, repair as needed.
Check that the underground drainage system (if applicable) is properly
functioning.  If it does not drain freely, investigate and clean as needed to
achieve normal flow.

Water Leaks

Check that swimming pools, ponds, fountains, etc. are holding water without
leaking.  If suspected of losing water below grade, have a pool-leak-detection
company investigate, isolate, and repair the leak.
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APPENDIX D – REGULAR INTERIOR MAINTENANCE                Date_________

Category   Items to Check  (at six-month intervals) √

Cracks &
Separations

Check that there are no new or changed cracks or separations in the coverings
for the walls, ceilings, or floors.

Water Leaks
Check that all plumbing works properly, and that there is no stoppage or
leaks.  If found, repair as needed.
Check that there are no uncomfortable floor slopes by walking each room.  If
the maintainer is the tenant, perhaps ask someone else to check this, as it is
easy to become accustomed to slopes that have gradually changed over time.

Check that wood rafters (where applicable) in the attic are not pulled away
from ridge members.

Check that each door hangs properly (or as it did before), i.e., it does not stick,
or swing open, or shut on its own, and there is no appreciable gap between the
top of the door and its doorframe header above.

Miscellaneous

Check interior countertops for levelness, and check cabinet doors and drawers
for proper operation.
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PREFACE 

 
This document was written by the Structural Committee and has been peer reviewed by the 
Foundation Performance Association (FPA). This document is published as FPA-SC-08 
Revision 0 and is made freely available to the public at www.foundationperformance.org so 
all may have access to the information. To ensure this document remains as current as 
possible, it may be periodically updated under the same document number but with higher 
revision numbers such at 1, 2, etc.  
 
The Structural Committee is a permanent committee of the Foundation Performance 
Association. At the time of writing this document, the Structural Committee was chaired by 
Ron Kelm, P.E. and 20 to 25 members were active on the committee. The committee 
sanctioned this paper and formed a subcommittee to write the document. The subcommittee 
chair and members are listed on the cover sheet of this document.  
 
Suggestions for improvement of this document shall be directed to the current chair of the 
Structural Committee. If sufficient comments are received to warrant a revision, the 
committee will form a new subcommittee to revise this document. If the revised document 
successfully passes FPA peer review, it will be published on the FPA website and the 
previous revision will be deleted. 
 
The intended audiences for the use of this document are engineers, foundation repair 
contractors, segmental pile manufacturers, builders, owners, and others that may be involved 
in the design, manufacture, and installation of foundation underpinning and underpinning 
components.  
 
This document was created with generously donated time in an effort to improve the 
performance of foundations. The Foundation Performance Association and its members make 
no warranty, expressed or implied, regarding the accuracy of the information contained herein 
and will not be liable for any damages, including consequential damages, resulting from the 
use of this document. Each project should be investigated for its individual characteristics to 
permit appropriate application of the material contained herein. 
 

http://www.foundationperformance.org/committee_papers.html
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1.0 INTRODUCTION 

 
The scope of this document is to provide guidance and information for projects that use 
precast concrete segmented piles for underpinning the foundations of existing residential and 
other low-rise structures.  This type of foundation underpinning system is usually not suitable 
for high-rise buildings or other similarly heavily loaded structures due to the limited load 
capacity of the pile sizes commonly used and the driving depths typically achieved.  Most 
applications involve lifting existing foundations, but some only intend to stabilize a 
foundation from future downward movements. 

 
The foundation underpinning system is also known by generic names such as precast concrete 
piles, pre-cast pilings, hydraulically driven concrete piling, pressed piles, pressed pilings, 
driven cylinders, and others. Most of the available segmented pile systems utilize cylindrical 
concrete segments, but rectangular and other shapes may be used. 

 
Piles consist of precast concrete segments, usually manufactured cylinders, which are 
installed one by one on top of one another, pressed into the ground by hydraulically jacking 
against the underside of the existing structure. The weight of the structure is used to create the 
reactive force that allows the pile segments to be driven into the soil. These piles may be 
categorized as driven displacement piles, which displace and force aside the surrounding soil 
as they are driven. The piles transfer load to the foundation soils primarily through skin 
friction along the length of the pile, although some end-bearing load transfer also occurs. 
 
This system is mainly utilized in clay soils where the driving resistance is small enough to 
allow the weight of the structure to be used to develop the driving force necessary to obtain 
sufficient pile penetration. Dense granular soils may offer too much driving resistance, 
making the piles more difficult to install with the available weight of the structure as the 
driving force. For similar reasons, precast concrete segmented piles are also difficult to install 
in clay soils with stiff sandy clay or clayey sand layers. However, a high-pressure water 
injection technique, called jetting, or other methods, such as pre-drilling, may be used to 
break up the soil and allow additional pile penetration. 
 
This document addresses both interconnected and non-interconnected precast concrete 
segmented piles. Means of interconnection may consist of steel bar(s), threaded rod, or cable 
that is inserted into a hole preformed through the center of each of the concrete segments 
along their longitudinal axis. These elements are typically used to align and/or hold the 
segments together. An alternative method of interconnection may be to bond the segment 
ends using epoxy or other adhesive. It is recommended that interconnected piles be used. 
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2.0 GENERAL DESIGN CONSIDERATIONS 

In deciding which type of foundation underpinning system to specify, consider the following 
in using interconnected and non-interconnected precast concrete segmental piles:  
 

1. Non-interconnected precast concrete segmental piles without reinforcement are 
typically less expensive. 

 
2. Precast concrete segmental piles are not able to resist significant bending moments 

due to lateral loads. 
 

3. Depending on the type of interconnecting system used and when the interconnecting 
element is installed, the interconnection may help to avoid detrimental vertical 
misalignment of the pile while being driven. 

 
4. When interconnected, a properly designed and installed concrete segmental pile is 

more likely to resist the uplift forces due to swelling of expansive soils transmitted via 
friction along the shaft. A pile will not resist the uplift forces to the foundation. 

 
5. Depending upon the soil uplift forces, interconnected precast concrete segmental piles 

that are connected to the existing foundation system may not be able to provide 
resistance against foundation uplift if the soil is in contact with the existing foundation 
system. 

 
6. For most projects, the final depth of each pile will vary from pile to pile.  As a result 

of using only the weight of the structure to drive the pile, the precast concrete 
segmental pile system has a depth of refusal that varies depending upon the tributary 
weight and stiffness of the structure above the pile being driven. If the pile cannot 
attain sufficient penetration into stable soils, then it may not be anchored against 
potential movements that occur due to swelling or shrinking of the soils in the 
moisture active zone. 

 
7. Should a void exist under the slab subsequent to the lifting process, treatment of the 

void should be determined on an individual basis. 
 

8. Geotechnical investigation and structural analysis could be of value for the design of 
the foundation repair.  
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3.0 FOUNDATION UNDERPINNING REPAIR GUIDELINES 

The purpose of this section is to provide a guideline to specifying foundation underpinning 
repair, including remedial precast concrete segmental piles for foundation repair, foundation 
stabilization against movements, and foundation lifting. 
 
3.1 DEFINITIONS 
 
Segment: Precast concrete units that are typically cylindrical in shape and about one-foot 
long, although other shapes and lengths may be used. 
 
Reinforced Precast Concrete Segments: Precast concrete pile Segments reinforced with 
steel, fiberglass, or other materials. 
 
Pile: The Pile or Piling includes the following elements: multiple Segments that are driven 
into the ground, Pile Head, Shims, and Interconnections (if specified).  
 
Pile Head: The uppermost section of the Pile. The Pile Head typically consists of a 
rectangular or trapezoidal shaped concrete block placed on top of the last driven Segment 
along with two additional Segments or other spacer elements placed on top of the rectangular 
or trapezoidal shaped concrete block. 
 
Foundation Underpinning: The process of adding additional supporting elements under an 
existing foundation system. 
 
Shim: Metal or other material used to fill the space between the Pile Head and the bottom of 
the foundation system. 
 
Precast Concrete Segmented Pile: The installed assembly of Segments, Pile Head, Shims, 
and interconnection system (if applicable). 
 
Non-Interconnected Precast Concrete Segmented Pile: Precast concrete segmented piles 
that are driven into the ground without any physical connecting elements between the pile 
segments. 
 
Interconnected Precast Concrete Segmented Pile: Precast concrete segmented piles, with a 
center hole in the longitudinal axis, held together by a central steel reinforcing bar, a steel rod 
or rods, threaded ends and coupling nuts, steel cable, or other similar reinforcement. The 
Segments may be interconnected by inserting the connecting element through the center hole 
of each Segment. An alternative method of interconnection may be with adhesives, such as 
epoxy, between the ends of the Segments. 
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Foundation Elevation Adjustment: The process of raising or lowering the foundation 
elements in order to obtain a new vertical position in an effort to reduce distress, deflection, 
and/or tilt to the superstructure.  
 
Foundation Stabilization: The process of underpinning the foundation to help prevent future 
downward foundation movement without appreciably performing Foundation Elevation 
Adjustment. 
 
Refusal: Refusal is defined as the point when the structure is lifted 1/4 inch to 1/2 inch above 
its elevation at the location of the pile during the driving process. The Pile is said to reach 
refusal and the driving operation is stopped before the occurrence of significant vertical 
movement of the building that may cause damage to the superstructure. 
 
3.2 REFERENCES AND STANDARDS 
 
The contractor shall follow all applicable codes and standards. The following standards are 
identified by issuing authority, authority abbreviation, designation number, title or other 
designation established by the issuing authority. The contractor shall follow the current 
version of the applicable standards from the American Society for Testing and Materials 
(ASTM) list below : 
 
ASTM A29/A29M Steel Bars, Carbon and Alloy, Hot-Wrought and Cold Finished. 
ASTM A36/A36M Carbon Structural Steel. 
ASTM A153 Zinc Coating (Hot Dip) on Iron and Steel Hardware. 
ASTM A416 Steel Strand, Uncoated Seven-Wire for Pre-stressed Concrete. 
ASTM A615 Deformed and Plain Billet-Steel Bars for Concrete Reinforcement. 
ASTM A706 Low-Alloy Steel Deformed and Plain Bars for Concrete Reinforcement. 
ASTM A767 Zinc-Coated (Galvanized) Steel Bars for Concrete Reinforcement. 
ASTM A775 Epoxy-Coated Reinforcing Steel Bars. 
ASTM A992 Structural Steel. 
ASTM C33 Concrete Aggregates. 
ASTM C39 Test Method for Compressive Strength of Cylindrical Concrete Specimens. 
ASTM C150 Portland Cement. 
ASTM C494 Chemical Admixtures for Concrete.  
 
3.3 DESIGN REQUIREMENTS 
 
The owner shall have direct involvement in specifying the project objective. Design of the 
precast concrete segmented pile for commercial applications shall be prepared by an Engineer 
(for the purposes of this paper, defined as “Licensed Professional Engineer”). In residential 
projects, an Engineer should be engaged to prepare a design or analyze a pile layout that has 
been prepared by a contractor.  
 
The following are general piling placement guidelines in evaluating a typical one story and 
two story residential structures. The purpose of these guidelines is to provide general outlines 
when preparing a foundation repair plan.  
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1. Exterior Pilings - Exterior piling supports shall have a maximum spacing as follows: 
(porches and garages see below) 

a. 8 feet center to center on a 1-story wood or brick structure. 
b. 7 feet center to center on a 1-1/2 story (i.e. a 1-story with a partial 2nd-story) 

and 2-story with brick on the 1st story only. 
c. 6 feet center to center on 2-story brick structures. 
d. If there is no exterior grade beam present, then a structural member designed 

by an Engineer shall be installed between the piling and the slab in order to 
reduce the punching shear stresses and to increase the pile driving force. 

 
2. Interior Pilings - Interior pilings shall have a maximum spacing as follows: 

a. 8 feet center to center on 1-story structures. 
b. 7 feet center to center on 2-story structures. 
c. If an interior room is 16 feet wide or greater, piling supports shall be placed in 

the middle of the room (excluding garages). If there is no interior grade beam 
present then a structural member designed by an Engineer shall be installed 
between the piling and the slab in order to reduce the punching shear stresses 
and to increase the pile driving force. 

 
3. Corners Piling supports shall be placed at each corner where an exterior wall changes 

direction. When lifting a corner provide at least one piling support on each side of the 
corner pile as depicted below. 

  
 
 
 
 

4. Fireplaces - The following are examples of piling support placement for fireplaces.  
 

a. 1 foot by 5 feet prefabricated fireplace with wood exterior a minimum of 2 
piling supports shall be placed as shown below. 

5’ 
 

            1’ 
 

b. 1 foot by 5 feet prefabricated fireplace with brick veneer exterior a minimum 
of 3 piling supports shall be placed as shown below 

5’ 
 

            1’ 
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c. 2 feet by 5 feet fireplace with brick veneer exterior a minimum of 3 piling 
supports shall be placed as shown below for a one story and 4 pilings shall be 
used on a two story.     

      5’        5’ 
One Story           Two Story 

         
           2’     2’ 

 
d. 2 feet by 6 feet fireplace with brick exterior a minimum of 4 piling supports 

shall be placed as shown below. 
  6’ 
 

          2’ 
 

e. If the fireplace is 8 feet or greater in length then an additional piling shall be 
placed at the center on the exterior wall as depicted below.  

    8’ 
 
         2’              
 
 
 

5. Porches - The following are examples of piling support placement for porches. 
 

a. If the inset of the porch wall is 3 feet or less then a minimum of 2 piling 
supports shall be placed as illustrated below.  

 
       3 ft or less 

 
b. If the inset of the porch wall is greater than 3 feet then a minimum of 4 piling 

supports shall be placed as illustrated below. 
 

               Greater than 3 ft 
 
 

c. On extended one-story porches piling supports shall be placed at a maximum 
distance of 12 feet center to center or shall be placed directly under the 
overhang column supports.  

 
 

6. Wing Walls - If the wing wall is monolithic and greater than 3 foot in length then a 
piling shall be placed at the end of the wing wall. 
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7. Additions – At additions, the drawing shall show the concrete joint and separation 
dimensions. At the interface of the addition and the original structure double-piling 
supports shall be used and spaced per the exterior and/or interior requirements stated 
above.  

 
                                                                                    Existing Structure 

  
       
Cold Joint 
 
           Addition 
 
 

8. Garages – A minimum of one piling support shall be used at the mid-point of a garage 
door opening for a 2-car garage. A piling support shall be placed under garage support 
columns. Examples are illustrated below. 

 
a. Two car garage with or without center support. 

  
  
           Garage Door Opening  

b. Three car garage.  
 

Piling located under concentrated load (Engineer to determine if 
additional pilings are required) 
 

 
 
 

1 car door opening    2 car door opening 

 
3.4 SUBMITTALS 
 
The contractor shall submit the following items to the owner or his designated representative 
in accordance with conditions of the contract and the applicable submittal procedures in the 
above References and Standards (Section 3.2):  
 
Product Data: Submit product data for the specific type of precast concrete segmental pile 
used, showing pile configuration including, but not necessarily limited to, reinforcing type (if 
any), details of pile toe and pile head, manufacturing and fabrication details, installation 
instructions, product components, and related accessories. 
 
Pile Location Drawings: Submit drawings showing the proposed location, and total number 
of precast concrete segmental piles.  
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Qualification Data: If requested, the contractor shall submit a list of completed projects with 
project names and addresses, names and addresses of owners, and other information to 
demonstrate their capabilities and experience.  
 
Engineering Analysis: For a commercial project or if requested for a residential project, a 
foundation analysis and a foundation repair design shall be prepared by an Engineer. When a 
design is submitted by the contractor for review, it should be analyzed by an Engineer.  
 
Pile-Driving Equipment: Submit data sheets that indicate the type, make, rated load 
capacity, and manufacturer’s recommended calibration frequency of the hydraulic ram that 
will be used to drive the segmental piles. Submit the date of the ram’s last calibration or 
purchase date of the pressure gauge. Submit data sheets that indicate the type, make, and 
pressure capacity of any water jetting equipment that will be used.  Include a description of 
how the water jetting operations, (if used), will be integrated with the pile driving operations.  
 
Foundation Lifting Equipment: Foundation lifting equipment typically consists of hydraulic 
jacks with a capacity in the range of 20 to 50 tons. 
 
Pile-Driving Records: Submit to client or his representative the pile-driving records within 
seven days of driving the pile. The pile-driving records shall indicate depths of exterior piles 
from existing grade and depths of interior piles from the bottom of the slab. The submitted 
records shall include the force or pressure used to drive the segmental piles. Records shall 
indicate if water jetting was utilized and the range over which water jetting was engaged. 
These records shall be forwarded to the Engineer in order to verify that sufficient pile depths 
and other design requirements have been achieved. 
 
Prequalification Test Reports: If a prequalification test is required to observe the behavior 
of the building’s superstructure and the pile under actual driving conditions, then a test pile 
shall be driven at an outside corner of a building. If an outside corner is not available then the 
test pile shall be driven in another area where the driving force (structure’s weight and 
stiffness) is minimized. Test reports for prequalification test piles shall be submitted to the 
Engineer for review and comment prior to the installation of additional Piles. 
 
Safety Program: Submit Contractor's standard safety requirements for working in excavated 
trenches, tunnels, and confined spaces that meets the requirements of OSHA standards. 
 
Initial Elevation Survey: Along with the Pile Location Drawings, submit the initial 
foundation elevation survey clearly showing the location of the reference datum. A symbol, 
such as a dot, shall be used to show the location of each elevation survey point. 
 
Final Elevation Survey: After installing the Piles, submit the final foundation elevation 
survey. The reference datum used in the initial elevation survey shall be used for the final 
elevation survey. 
 
Material Test Reports or Material Certificates: Submit material test results from a 
qualified testing agency, or material certificates from the manufacturer, indicating compliance 
with concrete and reinforcing (if applicable) materials. 
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3.5 QUALITY ASSURANCE / QUALITY CONTROL 
 
The following quality assurance / quality control requirements shall be submitted to the owner 
or his designated representative: 
 
Contractor Qualifications: Contractor shall submit evidence of experience in performing 
this type of work. Include list of completed projects with project names and addresses, names 
and addresses of owners, and other pertinent information. 
 
Licensed Professional Engineer Qualifications: If an Engineer is retained for the project, 
evidence of experience in performing this type of work shall be submitted. 
 
Pre-installation Meeting: If requested by the owner, contractor shall conduct a pre-
installation meeting with owner or his designated representative to verify project 
requirements, soil conditions, contractor/manufacturer’s installation plan and instructions, 
contractor/manufacturer’s warranty, and other requirements of this document or contract. 
 
Precast Concrete Segment Manufacturing Tolerances: Each precast concrete segment 
shall be within the following tolerances: 
 

• Cylinder Diameter: Tolerance for the diameter of each of the precast concrete 
cylinders shall be plus or minus (±) 1/4 inch. 

• Cylinder Length: Tolerance for the length of the each of the precast concrete cylinders 
shall be plus or minus (±) 1/2 inch. 

• Segment Ends Concentricity: Tolerance for the concentricity of each of the precast 
concrete segment about the central axis shall be plus or minus (±) 1/16 inch per foot of 
segment length. 

• Hole Location (if applicable): Tolerance for the location of the central hole through 
each segment shall be plus or minus (±) 1/8 inch from true center, and measured at 
each end. 

• Hole Diameter (if applicable): Tolerance for the diameter of the central hole through 
each segment shall be plus or minus (±) 1/16 inch. 

• End-Bearing Surface Flatness: Tolerance for flatness of end-bearing surfaces shall be 
plus or minus (±) 1/16 inch throughout the area of each end-bearing surface. 

• End-Bearing Surface Cant: The cant of the end-bearing surface from a true 
perpendicular surface to the longitudinal axis of the cylinder shall be plus or minus (±) 
1/2 degree. 

 
Quality-Control Testing: Owner may employ, at owner’s expense, an independent testing 
agency to evaluate the precast concrete segment manufacturer's quality control and testing 
methods. Owner's testing agency shall have access to material storage areas, concrete 
production equipment, concrete placement, and curing facilities. Contractor shall cooperate 
with Owner's testing agency and provide samples of materials and concrete mixes as may be 
requested for additional testing and evaluation. Owners testing agency shall provide 
contractor a written report of findings. 
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Defective Work: Strength of precast concrete segments will be considered deficient if units 
fail to comply with requirements. Discard precast concrete segments that do not comply with 
requirements, including strength, manufacturing tolerances, and finishes.   
 
Verification of Equipment Performance: Calibrate hydraulic ram using method and 
frequency in accordance with hydraulic jack manufacturer's recommendations.   
 
3.6 DELIVERY, STORAGE, AND HANDLING 
 
Deliver pile components to the Project site in such quantities and at such times to ensure 
continuity of installation and to meet Project schedule requirements. Handle and store pile 
materials at the Project site to prevent breaks, chips, cracks, or other physical damage to the 
precast concrete segments and to any protective coating that may be used on reinforcement, if 
applicable. 
 
3.7 WARRANTY 
 
Submit contractor's standard warranty document executed by authorized company official.  
Contractor’s warranty is in addition to, and not a limitation of, other rights Owner may have 
under the contract document and / or law. The warranty period shall be a minimum of ten (10) 
years commencing on date when the contractor substantially completed the work. Warranties 
shall be transferable. 
 
During the warranty period, if differential deflections occur due to downward movement 
(upward movement is not normally covered unless stated otherwise in the warranty) in any 
repaired area that have caused damage to the architectural finishes, then the warranty shall 
cover re-lifting of the foundation to as near the original as-lifted condition as possible, 
including any tunneling, concrete, decking, or pavement repair as required. If cosmetic repairs 
and landscaping were not included in the initial scope of work, they will not be covered when 
warranty foundation repairs are made. 
 
3.8 PRODUCTS 
 
Compressive Strength: The concrete shall have a minimum 28-day compressive strength of 
5,000 psi in accordance with ASTM C39. 
 
Reinforcement: The central longitudinal segmented pile reinforcement shall conform to the 
following, if applicable: 
 

Reinforcing Bars: ASTM A615, Grade 60, deformed. 
Low-Alloy-Steel Reinforcing Bars: ASTM A706. 
Galvanized Reinforcing Bars: ASTM A767, Class II, hot-dip galvanized. 
Epoxy-Coated Reinforcing Bars: ASTM A775. 
Steel Cable: ASTM A416, Grade 250, galvanized, seven-wire, low-relaxation strand. 
Steel Rods: ASTM F1554. 
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Pile Heads: Pile heads shall be precast concrete having the same strength and properties of 
the precast concrete pile segments.  
 
Steel Reinforcement Corrosion Protection: The reinforcement, if applicable, shall be 
provided with corrosion protection as follows: 
 

• Steel deformed bar reinforcement (rebar) shall be encased in epoxy or epoxy grout 
until the annulus fills. 

• Steel cable reinforcement and threaded rods shall be galvanized.  
• Smooth steel rod reinforcement shall be coated with epoxy paint. 

   
Accessories: Shims shall have a minimum thickness of 1/8 inch. Shims and other accessories 
shall be of sufficient size, strength and durability to match the load capacity of the precast 
concrete segments. 
 
3.9 INSTALLATION 
 
Install Precast Concrete Segmental Piles in accordance with the following steps:  
 
1. Safety: Meeting OSHA and other work safety requirements is the contractor's sole 

responsibility. 
 
2. Work Plan: Contractor shall submit a work plan for excavation and backfill related to 

the underpinning work with a complete written description that identifies details of the 
proposed method of construction and the sequence of operations relative to excavation 
and backfill activities.  The descriptions, and/or supporting illustrations, shall be 
sufficiently detailed to demonstrate that the procedures meet the applicable requirements. 

 
3. Manufacturer’s Product Data: Contractor shall comply with manufacturer’s product 

data, including product technical bulletins. 
 
4. Site Examination: Before installing any piles, the contractor shall examine the site to 

verify the existing conditions are as indicated on the contract drawings.  Notify the 
owner’s designated representative of any discrepancies found between the existing site 
conditions and the contract drawings.  

 
5. Piling Placement: Use a method that will not cause damage to nearby structures. 

Remove concrete as required to create sufficiently sized access holes through existing 
slabs-on-grade. Remove and salvage any landscaping plants that occur at exterior access 
locations. Remove and store plants in accordance with good practice. Excavate soils as 
required at pile locations to obtain clearance under existing foundation elements 
sufficient to install piles. Provide a flat bottom surface in the excavated pit at the pile 
location under the existing foundation. Examine the underside of the existing foundation 
element, and, if required, chip concrete at bottom surface or add grout as required to 
provide a smooth bottom surface of the existing foundation at the pile location.  
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6. Plumbing Leak Test: Contractor should employ a licensed plumber to perform a 

hydrostatic leak detection test of the under-slab sanitary sewer lines and under-slab water 
supply lines before and after the work is performed. The plumber shall provide the results 
in a written report. 

 
7. Utilities: Obtain utility company approvals when required before digging. When working 

near known buried utility lines, excavations shall be made using hand tools to avoid 
disturbing or damaging the utility lines. 

 
8. Groundwater Control: If necessary, contractor shall provide groundwater control 

including dewatering of water-bearing soil layers to remove seepage water from 
excavations. 

 
9. Surface Water Control: Contractor shall provide surface water control to divert water 

away from excavations through the use of dikes, ditches, curb walls, pipes, sumps, or 
other means.  

 
10. Access Holes: Excavated holes (or pits) for precast concrete segmented piles for 

installation shall not be permitted beyond the depth required to obtain personnel and 
equipment access clearances necessary for the pile driving operation. 

 
11. Existing Drilled Piers: If existing drilled piers are tied into the existing foundation, 

sever the top of the existing drilled piers subsequent to driving new precast concrete 
segmental piles from the bottom of the grade beams. When the tops of the existing drilled 
pier shafts are connected to the grade beams, the connection shall be severed by chipping 
to remove concrete and cutting reinforcement bars.  

 
12. Locate Piles: Piles shall be positioned as indicated on the approved pile location 

drawings. Pilings shall be located not more than twelve (12) inches from design location 
on the Pile Location Drawing, unless approved otherwise by the contractor’s design 
Engineer.  

 
13. Obstructions: Remove any encountered obstructions, or add/relocate pile and adjacent 

piles as required by the pile layout designer. 
 
14. Stockpile Segments: Stockpile a sufficient number of concrete segments at each pile 

location to obtain the anticipated pile depth, and have a sufficient number of extra 
segments readily available to obtain the pile length necessary to achieve the anticipated 
depth to refusal. The stockpiling requirement is to ensure that the anticipated pile depths 
can be obtained without having to stop the pile driving process to obtain more segments. 
Stopping the pile driving process could potentially cause early thixotropy (soil freeze up). 

 
15. Concrete Segment Size: Unless approved otherwise, use the same concrete segment size 

for all segments within each pile. Contractors may use cylindrical concrete segments of 
varying diameters within a given single pile, increasing the diameter in a step-wise 
fashion to effectively taper the pile from bottom to top. An example would be to start 
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driving with 4-inch diameter segments, switching to 6-inch diameter segments, and then 
switching again to 8-inch diameter segments.  

 
16. Driving Records: Maintain accurate driving records for each pile recording, as a 

minimum, the information shown on the Segmented Repair Piles checklist of FPA-SC-10 
“Quality Control Checklists for Foundation Inspection of Residential and Other Low-
Rise Buildings”, current revision found at www.foundationperformance.org. 

 
17. Axial Alignment: Establish and maintain axial alignment of all cylinders within each 

pile so that all cylinders remain concentric and vertical during the driving operation. 
 
18. Lubrication: Water may be added to the bottom of the excavated hole (pile pit) at the 

pile location during pile driving for lubrication purposes. The amount of water used shall 
be minimized to avoid excessive water accumulation in the soils that could lead to 
additional swelling of expansive soils. 

 
19. Interruptions: Drive each pile continuously until refusal. Avoid interruptions in the 

driving process that may cause soil freeze-up resulting in early refusal. 
 
20. Load Sharing: Drive one pile at a time to avoid load sharing of the tributary building 

weight at the pile location to more than one pile. If piles are driven simultaneously the 
piles being driven shall be a minimum of 25 feet apart.  

 
21. Reinforcing: If applicable, install steel reinforcing bars, rods, or cable through the 

central hole in each precast concrete pile segment during the pile installation. If steel 
cables are used, ensure that the cable is not slack.  

 
22. Epoxy: If applicable, install epoxy or epoxy-grout to fill void around reinforcement. 

Some designs may also specify epoxy between the pile segments. 
 
23. Refusal: Drive piles to the point of Refusal. In order to allow some time for clay soil to 

remold without significantly rebounding upward, at Refusal, maintain the hydraulic jack 
pressure for a minimum period of 5 minutes before removing the jack.  

 
24. Water Jetting: Water jetting shall not be used unless specifically permitted by the 

Engineer and / or the building official.  If used, jetting shall be carried out in such a 
manner that the capacity of the existing foundations and structures shall not be impaired.  

 
25. Pre-drilling: Pre-drilling of holes at the pile locations will not be permitted unless 

otherwise approved by an Engineer. 
 
26. Hydraulic Jack Pressure: Monitor the hydraulic jack pressure while driving each pile 

segment. If a sudden significant loss of pressure occurs along with any abnormal sound 
from the pile (that may indicate crushing of a concrete segment), the pile shall be 
considered defective and shall be abandoned and a new pile shall be added. Concrete 
crushing of a pile segment that occurs during the driving process is considered to result in 

http://www.foundationperformance.org/committee_papers.html
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a defective pile since compressive load transfer between the segments can no longer be 
assured and further driving of the pile can result in misalignment of the pile. 

 
27. Pile Depth: Install piles to the specified minimum depth if determined by a geotechnical 

engineer. The contractor shall provide piles capable of withstanding the pile driving 
stresses and design loads, and capable of being driven to refusal at or below a minimum 
design depth if specified by the Engineer. Piles that reach refusal before attaining the 
minimum required depth as specified shall be subject to the following: 

 
a. Terminate pile at depth obtained with approval of Engineer, or 
b. Replace pile with pile having a smaller cross sectional area, installed at a location 

at least 6 pile diameters from the terminated pile, or 
c. Implement water jetting or pre-drilling with approval of Engineer. 

 
If more than three consecutive piles cannot be driven to the minimum specified depth, 
notify the Engineer and obtain further instructions from the Engineer as to how to 
proceed.  Do not drive any more piles until receiving instructions from the Engineer. 

 
28. Cap Pile: Immediately after removing the hydraulic ram, and after completion of the 

driving process, temporarily cap and shim off the pile to prevent pile rebound. Install 
specified pile cap horizontally on top of the driven pile segment and install shims. 

 
29. Adjacent Piles: Proceed to drive adjacent piles using the same steps as outlined above.  

Do not over-lift (See “Refusal”) the structure during the underpinning process since it 
may cause damage to the structure and / or architectural finishes. 

 
30. Defective Pile Segment: Withdraw damaged or defective pile segment and reinstall new 

pile segment.  
 
31. Defective Pile: Abandon damaged or defective pile and install new pile in alternate 

location (See “Locate Piles”). Fill hole left by abandoned pile using the excavated soils 
or alternate fill materials. Place and compact in lifts not exceeding 8 inches. Record 
locations of abandoned pile on the as-built drawings. 

 
32. Adjust Pile Caps: After all piles are installed, adjust all pile caps and shims as required 

to correct any shims that may have been dislodged during the driving of adjacent piles to 
provide full contact bearing at pile locations. Maintain horizontal alignment of the pile 
cap on top of the driven pile segments. 

 
33. Foundation Lift: Lift foundation system in a systematic manner using jacks. The lifting 

process shall be performed in a manner that curtails damage to the structure. Attempt to 
close any masonry and / or drywall cracks as much as possible. Test doors and windows 
to ensure they operate as intended. If a primary structural member, such as a grade beam, 
is damaged during driving or lifting, an Engineer must be consulted for its repair and the 
member shall be repaired in accordance with the Engineer’s repair specification, at the 
contractor’s expense. 
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34. Reinforcement Splices: Splices in the pile’s central steel reinforcing, if used, shall not 

be permitted except as approved by an Engineer. 
 
35. Final Elevation Survey: After the installation is complete, the contractor shall perform a 

final elevation survey of existing foundation floor twelve feet beyond all locations where 
piles were installed. This will establish a benchmark survey that may be used for 
warranty purposes. The results of the survey shall be documented on a sketch of the 
foundation repair plan, showing the location of the reference datum, and a symbol, such 
as a dot, indicating the location of each elevation survey point and submitted to the 
Engineer and / or owner for review. 

 
36. Restore Landscaping: Contractor shall restore any landscaping plants that were 

salvaged during the preparation stage to their original locations and restore lawn to its 
original condition. Owner shall be responsible for replacement of landscaping that was 
not salvageable. After backfilling, restore building interior slab and exterior pavement 
where access holes were required. Match finishes as close as possible. 

 
37. Excess Material: Haul off excess excavated materials and clean finished surfaces. 

 
 

______________________________ 



r 
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PREFACE 

The following documents are the results of two years of work completed in the late nineteen nineties by the 
Inspections Subcommittee of the Foundation Performance Committee.  Jack Spivey chaired this committee 
and his fellow members were: 

MR. MICHAEL SKOLLER P.E. 

MR. JOE EDWARDS 
MR. LOWELL BRUMLEY P.E. 

MR. DEAN EICHELBERGER 
 
Meetings took place on a monthly basis and were attended by many interested parties.  Special recognition 
should be given to Mr. Jim Dutton of Du-West Foundation Repair and Mr. Dan Jaggers of Olshan 
Foundation Repair. Their assistance with the foundation repair sections was invaluable.  The topics for 
discussion have followed a general outline, which was established at the onset of the meetings. It was 
determined that our basic intent would be to establish a set of standards and procedures for the inspection of 
foundation construction and foundation repairs. These standards were to be incorporated into an inspection 
document, which would be thorough in its scope, but also easy to use. It was established early on in our 
discussions that the best form for our purposes would be a simple checklist, which would fully cover the 
subject of the inspection. It was also determined that keeping the checklist to one page would afford the 
most user-friendly instrument for our purposes. Once these parameters were established the subjects of the 
inspections were taken in the following order: 

 
FOUNDATION MAKE-UP  --  POST TENSION 
STRESSING POST TENSION 
FOUNDATION MAKE-UP  --  CONVENTIONAL/REBAR 
CONCRETE PLACEMENT 
CONSTRUCTION PIERS 
REPAIR PIERS 
SEGMENTED REPAIR PILES 

 
These topics were judged to represent the major types of foundation construction and foundation repairs 
found in the Houston area. They are certainly not inclusive of every inspection situation or construction 
method in use, but they do offer a basic set of standards for the majority of inspections that would be 
encountered in typical residential construction. 
 
They are also designed to be used by anyone who has some knowledge of foundation construction. It was 
our intention that they would serve field inspectors, builders, builders’ superintendents, municipal 
inspectors, or anyone with an interest in quality foundations. 
 
The first order of business worked on by the subcommittee was to establish a heading format for each 
inspection. This portion of the form is meant to establish a context for the inspection. The basics of the site 
such as, the builder, subdivision, address, lot and block, are all set out at the top of the form.  The next 
section is meant to establish the parameters that will govern the rest of the inspection. The most important 
of these, deals with the plans. No inspection should be undertaken without a set of plans, which should 
include the name of the engineer, the date of the plans and the detail sheet.  Other pertinent details of the 
site that are covered in this section are the date, the time, the weather, and whether there is a detached 
garage. 
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The above guidelines were followed on each form, with the following variations dictated by the context of 
the inspection: 
 

• For the Concrete Placement Form there is specific reference to the Foundation Make-Up Form, and 
the items in need of repair. 

• In the Stress Form, there is an added reference to the cable count, the concrete placement date, and 
the post tension construction company. 

• On the Construction Piers Form, there is a reference to the Geotechnical Engineer, and on the Repair 
Piers and Segmented Repair Piles Forms, there is reference to the design documentation and the 
municipal permit. 

 
Once the context is established in the heading, the form moves on to sections relating to different aspects of 
each inspection.  In general, these sections are documented by simply checking the item to show that it has 
been correctly completed. The checkmark (¸) serves to show that the item has been considered and 
complies with the plans, whereas an x (X) denotes that the item does not comply with the plans. In 
some sections, direct questions are asked that should be answered. Finally, the lower sections of the forms 
generally have reference to a drawing of the slab, the piers or piles, or the foundation being repaired.  The 
drawings further document the conditions specific to the site and the foundation and allow the inspector to 
orient the data being described in the conclusion of the inspection. 
 
Each of these forms represents an attempt to document the events related to a specific foundation project or 
a specific foundation repair. It should be remembered that all the answers and data reported are typically the 
only documentation of what actually happened during this phase of construction. For this reason, every item 
is pertinent and should be given careful consideration during the inspection.  Though many of the items 
listed are fairly common knowledge to the typical inspector or builder, it is the sequencing and nuances of 
certain questions and items listed, which are the greatest advantage of using the forms.  The committee felt 
that all major items such as beam size, tendon counts, plan dates, etc., were adequately covered in each 
form. 
 
It should be noted that the Repair Piers and Segmented Repair Piles Forms contain information that is not 
found in any established sources or specifications.  This is particularly true of the Segmented Repair Piles 
Form.  It was generally agreed that these items are rarely inspected by an independent inspector.   
 
This document is made freely available to the public through the Foundation Performance Association at 
www.foundationperformance.org so engineers, architects, inspectors, contractors, and other professionals 
involved in the quality control of foundations systems for residential and low-rise buildings may have 
access to the information.  To ensure the document remains as current as possible, it will be periodically 
updated under the same document number but with new revision numbers.  Please direct suggestions for 
improvement to the current chair of the structural committee. 
 
The Foundation Performance Association and its members make no warranty regarding the accuracy of the 
information contained herein and will not be liable for any damages, including consequential damages, 
resulting from the use of this document. 
 

 
 

http://www.foundationperformance.org/
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CLIENT           QUALITY CONTROL COMPANY              
 

QC Checklist #1 - POST-TENSION SYSTEM FOUNDATION MAKE-UP   
Builder          Subdivision           Date    Time     
Site Address         Lot   Blk  Sec         Plan site specific  Yes c  No c 
Plan #:    Cable Count      Design Engineer        Superintendent         
Plan provided at site Yes c  No c     Weather        Plan Date    Detail Sheet Date       
Concrete Contractor       Detached Garage Yes c  No c      Permit #:          

Check (¸) If Items Comply With The Plans 
(X) If Items Do Not Comply With The Plans  

SITE                 FORMS        ADDITIONAL REVIEWS 
Subdivision Lot           Other             c Forms secure        Date   Time     
Lot Description              c Floats installed  
Fill on site Yes c No c            c Proper clearance at floats               
Compaction verified by Geotechnical Engineer:     c Garage front closed    

Yes c No c  Date           
Will foundation make up drain: Yes c No c 
Trees removed               
Are trees within 20’ of foundation Yes c No c 
  
SLAB                  TENDONS 
c Thickness      (in)         Count: L to R              F to B             Garage                
c Measured:  Screeds         Stringline        Other         Total    Variance      Explain          
c Describe Pad Material                 Number of tendons left on site             Rebar            
c Level and Firm Yes c No c          c 1/2” tendons        Other        
                  c No tendons spaced over 6’-0” 
BEAMS                   c 20D nails used at castings 
c Design Depth:   (in) Exterior       Interior          c Live ends stripped of plastic not over 1” or taped   
c Actual Depth:        (in)         (in)        (in)         (in)  c Cathead clamps all tight    
c Design Width:       (in)          c All intersections tied   
c Actual Width:        (in)         (in)       (in)         (in) c All tendons supported at intersections 
c Average depth into undisturbed soil           (in) c Dead ends have 3/4” clearance to forms 
c Clean of soil & debris            c All S Hooks crimped 
c Water in beams  Yes c  No c Average Depth       (in) c Beam tendons draped and secured by #3 stakes or rebar concrete bricks  
c Will water drain Yes c  No c         c Ample chairs all tied 
c Plumbing obstructions accommodated             Tendon grid secured for concrete placement Yes c No c  
c Pier tops clean                                            
 
POLYETHYLENE SHEETING        
c 6-mil.Lapped and Taped  c Seated in bottom of beams          secured at sides  c Mastic/tape applied at plumbing  
    
REINFORCING STEEL 
SLAB SECTION  
WWF:  (Mesh)Size            Roll              Sheet               OR   c #3 @          (in.) on center both ways                  
       c All WWF (mesh) seams lapped 6”        c #3 Lapped per plans c All edges 2” from forms 
 c No rebar or WWF (mesh) touching forms  
 
BEAM SECTION  
Rebar: grade     Clearances per plan: Sides c  Bottom c  Top c   
c Splices lapped per plan  
c Corner rebar installed at corners & dead ends  
Typical Rebar/Exterior Beams           continuous 
Typical Rebar/Interior Beams           continuous 
Corner bars installed at dead ends Yes c No c    
Bay Windows or Porches      Rebar     Stirups     
Extra Rebar Added                 
Diagonal Rebar at Re-entrant Corners  c No. of Corners        
Nose Bars @          Construction Joints        
Anchor bolts on site Yes c  No c Diameter    (in) Length   (in)  
Other Fasteners         

IS FOUNDATION READY FOR CONCRETE?  Yes c  No c  
 
Sketch 

CHANGES NEEDED:                              
                                     
                                     
                                     
Quality Controller’s Signature         Superintendent’s Signature 
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CLIENT            QUALITY CONTROL COMPANY              
 

QC Checklist #2 - CONCRETE PLACEMENT   
Builder          Subdivision         Date    Time       
Site Address         Lot   Blk  Sec     Plan #:    Cable Count       
Design Engineer        Superintendent         Q.C. Arrival Time  Departure Time   
Copy of Foundation Makeup Report Provided Yes c  No c   Date of Copy    Items Repaired Yes c  No c     
Concrete Contractor       Detached Garage Yes c  No c    Permit #:            

Check (¸) If Items Comply With The Plans 
 (X) If Items Do Not Comply With The Plans 

 
SITE                    FORMS          ADDITIONAL REVIEWS 
Subdivision Lot           Other                c Forms secure           Date   Time             
Lot Description                 c Floats installed  
Are there obstructions at the site which would         c Proper clearance at floats               
    prevent access for concrete trucks Yes c No c        c Garage closed in  
Explain                                   

WEATHER 
Weather conditions  START:             FINISH:             
Will temperature rise above 40° F for five hours                        
Forty-eight hour forecast:  HIGH TEMPERATURE:          LOW TEMPERATURE:        

CONCRETE 
Concrete Company          Batch Plant           Tickets on site? Yes c No c 
Delivered by truck over what distance     Was a pump used Yes c No c     Pump Co.           
Mix :        psi       psi   “pump mix”– Pump Prime Placed outside of form  Yes c No c 
Sack Mix: _______4 _______ 5  _______ 6   OR  Strength Mix Yes c No c  Strength             
Additives:             NO CALCIUM CHLORIDE–APPLIES TO POST TENSION SLAB 
Fly Ash: Type C? Yes c No c        % 
Slump as ordered from plant          (in)          
Explain (Discrepancies if slump is different):                         
Was concrete consolidated by vibrator  Yes c No c   Other c                     
Test Cylinders Taken  Yes c No c      Testing Company                   
Slump Test Taken   Yes c No c      Testing Company                   
If water is added at the jobsite, show the amounts over ten gallons and give a visual estimate of the final slump 
   Time                    Draw a diagram of the slab below showing the 

 Poured Gallons Placement Est.  Tested      locations of each load by truck number 
Truck # Out  Added  Location  Slump  Slump  Temp.  
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                 
                                   
 
Anchor bolts on site Yes c  No c Diameter    (in) Length    (in)  
Other Fasteners                      SKETCH 
Describe provisions for curing                            
     
 ADDITIONAL COMMENTS:                              
                                    
                                     
                                     
 
                                     
Quality Controller’s Signature         Superintendent’s Signature 
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CLIENT            QUALITY CONTROL COMPANY              
 

QC Checklist #3 – POST-TENSION STRESSING 
Builder          Subdivision           Date    Time     
Site Address         Lot    Blk   Sec     Plan site specific  Yes c  No c 
Plan #:    Cable Count    Design Engineer         Superintendent        
Plan provided at site Yes c  No c     Weather     Plan Date    Detail Sheet Date        
Concrete Placement Date     Stress Date           Partial Stress Date       
Post Tension Company                   Permit #:            

Check (¸) If Items Comply With The Plans 
(X) If Items Do Not Comply With The Plans 

 
c Are there any cracks in the surface of the slab Yes c  No c   Describe        ADDITIONAL REVIEWS 
                            Date   Time    
                            
Estimate size and locate on the sketch below                 
c Are elongations specified on the plans  Yes c  No c     
c Are the tendons painted at the edge of the slab  Yes c  No c    
c What is the predetermined distance between the mark and the edge of the slab         (in)   
c Are the wedges placed in a vertical position Yes c  No c   
c Is there evidence of gripper marks on the gripper end of all tendons Yes c  No c  ( If no show location on sketch below)  
c Are tendons stressed from two ends  Yes c  No c If So,  How Many            

 
USE CHART IF ELONGATIONS ARE NOT LISTED ON PLAN, OR MULTIPLY  

TENDON LENGTH IN FEET BY 0.08 TO CALCULATE APPROXIMATE  
ELONGATION IN INCHES FOR LENGTH OVER 30 FEET. 
 
 

SKETCH 
Draw a simple sketch of the foundation configuration noting all tendon 

locations and their elongation measurements. Also note any problems  
which you have observed, particularly blowouts at corners or the  

garage entry and cracks. 
FOLLOWING STRESS VERIFICATION 
c Are the tendon ends cut inside the pocket former                   
c After stressing are the nails cut  
c Are the tendon ends grouted with a non-shrink grout   
 
                                     
Quality Controller’s Signature         Superintendent’s Signature 
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CLIENT            QUALITY CONTROL COMPANY              
 

QC Checklist #4–CONVENTIONAL (REBAR) FOUNDATION MAKE-UP 
Builder          Subdivision           Date    Time     
Site Address         Lot    Blk   Sec      Plan site specific Yes c  No c 
Plan #:    Design Engineer            Superintendent            
Plan provided at site Yes c  No c     Weather     Plan Date     Detail Sheet Date       
Concrete Placement Date     Detached Garage Yes c  No c      Permit #          

Check (¸) If Items Comply With The Plans 
(X) If Items Do Not Comply With The Plans 

_______________________________________________________________________________________________________ 
SITE                 FORMS        ADDITIONAL REVIEWS   
Subdivision Lot           Other             c Forms secure              Date   Time              
Lot Description              c Floats installed  
Fill on site Yes c No c            c Proper clearance at floats               
Compaction verified by Geotechnical Engineer:     c Garage front closed    

Yes c No c  Date           
Will make up drain: Yes c No c 
Trees removed               
Are trees within 20’ of foundation Yes c No c 
 
SLAB                 BEAMS             
c Thickness      (in)         c Design Depth:   (in) Exterior       Interior         
c Measured:  Screeds         Stringline        Other         c Actual Depth:        (in)         (in)        (in)         (in)  
c Describe Pad Material                 c Design Width:       (in)   
c Level and Firm Yes c No c          c Actual Width:        (in)         (in)       (in)         (in)  
                  c Average depth into undisturbed soil           (in)  

c Clean of loose soil & debris           
              c Water in beams  Yes c  No c Average Depth       (in)  
              c Will water drain  Yes c  No c          
              c Plumbing obstructions accommodated              

c Pier tops clean   Yes c  No c     
POLYETHYLENE SHEETING         
c 6-mil.Lapped and Taped  c Seated in the bottom of beams      

    secured at sides  c Mastic/tape applied at plumbing  
 
CONSTRUCTION PIERS      
Number of piers        Are pier tops clean of debris Yes c  No c 
 
REINFORCING STEEL   
Grade of Steel     
 
BEAM SECTIONS 
Exterior Beams: Steel size    Number top     Bottom     Stirrup size     Spacing    (in)  
Interior Beams:  Steel size    Number top     Bottom     Stirrup size     Spacing    (in)  
Extra Beam depth Yes c  No c  Additional steel required                 
Proper Clearance:  Bottom     (in) Sides    (in) Top    (in) Support System        
Continuity:  Splices lapped per plan Yes c  No c  Corner bars installed Yes c  No c 
Rebar clean of mud and excessive rust Yes c  No c 
Void Boxes in bottom of beam  Yes c  No c  Height   (in)   Condition            
 
SLAB REINFORCING  
Mesh: Size            Roll              Sheet               OR   c #3 @          (in.) on center both ways                  
       c All mesh seams lapped 6”        c #3 Lapped per plans c All edges 2” from the forms 
 c No rebar or mesh touching forms  
Void Boxes Yes c  No c   Height   (in) Poly covering void boxes Yes c  No c 

 
ADDITIONAL REINFORCING 
Diagonals: Size           Number in slab       
Fireplace pads: Size of steel       Placement        
Bay windows:   Size of steel       Placement         
Other projections:          Control joints        
Construction joints:                   
Anchor bolts on site Yes c  No c Diameter    (in) Length    (in)  
Other Fasteners         
 
IS THE FOUNDATION READY FOR CONCRETE PLACEMENT? Yes c  No c        SKETCH 
CHANGES NEEDED:                                
                                    
                                     
                                     
Quality Controller’s Signature         Superintendent’s Signature 
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CLIENT            QUALITY CONTROL COMPANY              
 

QC Checklist #5 – CONSTRUCTION (BUILDER’S) PIERS 
Builder          Subdivision           Date    Time     
Site Address         Lot   Blk  Sec        Plan site specific   Yes c  No c 
Plan #:    Design Engineer     Superintendent      Geotechnical Engineer        
Plan provided at site Yes c  No c     Plan Date    Detail Sheet Date     
Weather at site        Concrete Contractor        Geotechnical Report #      

(THIS FORM NOT APPLICABLE FOR SLURRY PLACED PIERS)  
Check (¸) If Items Comply With The Plans 
(X) If Items Do Not Comply With The Plans 

SITE                             ADDITIONAL REVIEWS 
Subdivision Lot           Other       Explain           Date   Time     
Fill on site Yes c No c                        
Compaction verified by Geotechnical Engineer Yes c No c  Date            
Trees removed Yes c No c  Location:               
Are trees within 20’ of foundation Yes c No c 

PIERS 
Name of drilling company:              
Can drill equipment access all pier locations Yes c No c  
Type of drilling apparatus: Truck Mounted         Bobcat:        Other:        
Total number of piers:     

PIER SIZES 
  Bell   Pier   No.  Rebar  Stirrups         

Shaft   Dia.   Depth   Rebar  Size  Piers  Spacing  Total  
  (in)   (in)    (ft)                 (in)            
  (in)   (in)    (ft)                 (in)            
  (in)   (in)    (ft)                 (in)            
  (in)   (in)    (ft)                 (in)            
  (in)   (in)    (ft)                 (in)            
                            Sketch Typical Pier  
                               Showing Depth  
Describe the manner of measuring the bell sizes:                     
   (Bell checking tool required) 
Boring logs from Geotechnical report on site Yes c No c  
Describe bearing strata:                       
                       
Pocket Penetrometer reading taken from auger cutting Yes c No c    TSF  Note locations below        
Was water apparent in pier hole Yes c No c  Depth “ Action Taken                
REINFORCING  

Rebar placed per plan Yes c No c 
Rebar grade         
Does rebar extend above pier top Yes c No c  How much above    (in) Sleeved Yes c No c  Describe     
CONCRETE 
Will concrete truck be able to access site  Yes c No c          
Concrete company:       Truck numbers:       
Was pump truck used  Yes c No c 
Specified strength of concrete:      psi   
Was concrete placed on the same day as the pier drilling Yes c No c    
Estimated time of completion       
If not, explain:                  
        Draw a sketch of the structure indicating the pier placement      

 
 
 

SKETCH 
 
ARE THE PIER HOLES READY FOR CONCRETE PLACEMENT Yes c  No c         
CHANGES NEEDED:                                
                                    
                                     
 
                                     
Quality Controller’s Signature         Superintendent’s Signature 
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CLIENT            QUALITY CONTROL COMPANY              
 

QC Checklist #6 – REPAIR PIERS 
Owner          Subdivision           Date    Time     
Site Address         Lot   Blk  Sec        Plan site specific   Yes c  No c 
Plan #:    Design Engineer     Superintendent      Geotechnical Engineer        
Plan provided at site Yes c  No c     Plan Date    Detail Sheet Date     
Weather at site        Permit #         Geotechnical Report #         

Check (¸) If Items Comply With The Plans 
(X) If Items Do Not Comply With The Plans 

SITE                             ADDITIONAL REVIEWS 
Subdivision Lot           Other       Explain           Date   Time    
Soils Report on site Yes c No c Bearing Soils at what depth       (ft)   
Test hole drilled to what depth       (ft)  Bearing soils at     (ft) 
Underground plumbing test Yes c No c   Water lines under slab  Yes c No c                   
Site obstructions to drilling, Describe:               
Trees removed Yes c No c  Location               
UNDERPINNING  
Name of repair contractor:              
Method of repair:               
Total number of piers:     Interior    Exterior     

PIER SIZES 
  Bell   Pier   No.  Rebar  Stirrups         

Shaft   Dia.   Depth   Rebar  Size  Piers  Spacing  Total  
  (in)   (in)    (ft)                 (in)            
  (in)   (in)    (ft)                 (in)            
  (in)   (in)    (ft)                 (in)            
  (in)   (in)    (ft)                 (in)            
  (in)   (in)    (ft)                 (in)            
                            Sketch Typical Pier  
                               Showing Depth  
Describe the manner of measuring the bell sizes:                    
   (Bell checking tool required) 
Describe bearing strata:                       
                       
Pocket Penetrometer reading Yes c No c    TSF  Note locations below              
Was water apparent in pier hole Yes c No c  Depth “ Action Taken                
REINFORCING  
Rebar per plans Yes c No c 
Rebar grade         
HELICAL PIERS 
Test hole depth        (ft)  Bearing Data             Pier Log Onsite  Yes c No c 
Helix Size            Bracket Style             Shaft Diameter       
CONCRETE 
Will concrete truck be able to access site  Yes c No c        Was pump truck used  Yes c No c  
Concrete company:         Truck numbers:         Batch Time      Onsite Time    
Specified strength of concrete:     psi  Slump as delivered         Water added Yes c No c Amount     
Was concrete placed on the same day as the pier was belled Yes c No c    
Projected time of completion of concrete placement      
If not, explain:                     
ESTIMATED MAXIMUM LIFT     INCHES:  TO BE GROUTED Yes c No c 
          Draw a sketch of the structure indicating the pier placement      
 
 
 
 
 
SKETCH 
 
ARE THE PIER HOLES READY FOR CONCRETE PLACEMENT Yes c  No c         
CHANGES NEEDED:                                
                                    
                                     
                                      
Quality Controller’s Signature         Superintendent’s Signature 
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CLIENT            QUALITY CONTROL COMPANY              
 

QC Checklist #7 – SEGMENTED REPAIR PILES 
Builder          Subdivision           Date    Time     
Site Address         Lot   Blk  Sec        Plan site specific   Yes c  No c 
Plan #:    Design Engineer     Superintendent      Geotechnical Engineer        
Plan provided at site Yes c  No c     Plan Date    Detail Sheet Date     
Weather at site        Permit #          Geotechnical Report #        

Check (¸) If Items Comply With The Plans 
(X) If Items Do Not Comply With The Plans 

SITE                             ADDITIONAL REVIEWS 
Subdivision Lot           Other       Explain           Date   Time    
Geotechnical Report on site Yes c No c Bearing Soils at what depth     (ft)   
Test hole drilled to what depth       (ft)  Bearing soils at     (ft) 
Underground plumbing test Yes c No c   Water lines under slab  Yes c No c                   
Site obstructions to drilling, Describe:               
Trees removed Yes c No c  Location              
Were builder’s piers present Yes c No c    
UNDERPINNING  
Name of repair contractor:              
Piling system:                
Total number of piles:     Interior    Exterior     

 
FIELD OBSERVATIONS  

(A)     (B)     (C)      (D)     (E) 
        Distance From        Observed 

              Top of Slab         Total Depth   Measurement 
        Pile Size    Segment  Number of Pile Cap  Pile Cap To Top of       From Top   of Lift 
Round  Square  Length  Segments  Size   Quantity Pile Cap   of Slab   at Refusal   
 
  (d)    (in)    (in)                     (ft)     (in) 
  (d)    (in)    (in)                      (ft)     (in) 
  (d)    (in)    (in)                      (ft)     (in) 
  (d)    (in)    (in)                      (ft)     (in) 
  (d)    (in)    (in)                      (ft)     (in)   

(A x B) + (C x D) + E = TOTAL DEPTH 
Total number of pilings observed driven to completion _______   (Minimum five is recommended) 
Was pile log available at the site Yes c No c      Explain                       
Were the piles shimmed immediately upon completion of being driven Yes c  No c  
If no, explain                        
Is the piling cap horizontal Yes c  No c If no, explain                       
Were the piles driven without interruption Yes c  No c  If no, explain                  
Were builders piers detached prior to jacking Yes c  No c   
Were final shims determined to be tight  Yes c  No c   
What is the method of interlock                       
Were interior piles installed Yes c  No c If so, were tunnels used  Describe                  
Was dewatering system used and maintained in excavating and tunnels Yes c  No c 
Describe materials used in backfilling tunnels                      
Describe method of protecting tunnel entrance from water intrusion                   
Was jetting required to install piles Yes c  No c Explain                     
ESTIMATED MAXIMUM LIFT     INCHES:  TO BE MUD PUMPED Yes c No c 

Draw a sketch of the structure indicating the pile placement 
 
 
 
 
 
 
 
CHANGES NEEDED:                                
                                    
                                     
 
                                     
Quality Controller’s Signature         Superintendent’s Signature 
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The Texas Section of the American Society of Civil Engineers (ASCE) adopted Guidelines for 
residential foundation engineering on October 3, 2002, with an effective date of January 01, 
2003.  The Section began this work in 1999. 

This effort grew out of the response of many Section members to the Policy Advisory issued by 
the Texas Board of Professional Engineers (TBPE) in 1998, which addressed residential 
foundation engineering.  Many ASCE practitioners expressed the opinion that technical 
guidelines should more rightly be created by a technical society such as ASCE rather than by 
the TBPE.  One goal of the guidelines has been to provide the TBPE with guidance in their 
evaluation of complaints brought against engineers practicing residential foundation 
engineering.  

The committees were composed entirely of ASCE members who were licensed engineers.  
The dollar value of the professional services donated to the effort is conservatively estimated 
to exceed $1,000,000. 

The Guidelines are not intended to be Standards, but are guidelines only, reflecting the 
engineering opinions and practices of the committee members.  They in no way replace the 
basic need for good engineering judgment based on appropriate education, experience, 
wisdom, and ethics in any particular engineering application.  Thus, they are primarily suited as 
an aid for and use by engineers. 
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Recommended Practice for the 
Design of Residential Foundations – Version 1 

By the Texas Section of the 
American Society of Civil Engineers 

 

Section 1.  INTRODUCTION 

1.1 Objective 

The function of a residential foundation is to support the structure.  The majority of foundations 
constructed in Texas consist of shallow, stiffened and reinforced slab-on-ground foundations.  
Many are placed on expansive clays and/or fills.  Foundations placed on expansive clays 
and/or fills have an increased potential for movement and resulting distress. 

National building codes have general guidelines, which may not be sufficient for the soil 
conditions and construction methods in the State of Texas.  The purpose of this document is to 
present recommended practice for the design of residential foundations to augment current 
building codes to help reduce foundation related problems.  Where the recommendations in 
this document vary from published methods or codes, the differences represent the experience 
and judgment of the majority of the committee members. 

On sites having expansive clay, fill, and/or other adverse conditions, residential foundations 
shall be designed by licensed engineers utilizing the provisions of this document.  Expansive 
clay is defined as soil having a weighted plasticity index greater than 15 as defined by Building 
Research Advisory Board (BRAB) or a maximum potential volume change greater than 1 
percent.  This provision should also apply where local geology or experience indicates that 
active clay soils may be present.  We propose that local and state governing bodies adopt this 
recommended practice. 

1.2 Limitation 

This recommended practice has been developed by experienced professional engineers and 
presents practices they commonly employ to help deal effectively with soil conditions that 
historically have created problems for residential foundations in Texas.  This recommended 
practice presumes the existence of certain standard conditions when, in fact, the combination 
of variables associated with any given project always is unique.  Experienced engineering 
judgment is required to develop and implement a scope of service best suited to the variables 
involved.  For that reason, the developers of this document have made an effort to make the 
document flexible.  Thus, successful application of this document requires experienced 
engineering judgment; merely following the guidelines may not achieve a satisfactory result.  
Unless adherence to this document is made mandatory through force of law or by contractual
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reference, adherence to it shall be deemed voluntary.  This document does not, of itself, 
comprise the standard of care which engineers are required to uphold. 

1.3 Adopted Changes 

The Texas Section of the American Society of Civil Engineers (ASCE) has adopted procedures 
for changing the guidelines.  In general, those interested in submitting changes for 
consideration by the Section should access the website at www.texasce.org, and follow the 
instructions for submitting changes.  Changes may also be submitted in writing to the Texas 
Section - ASCE, 3501 Manor Road, Austin, 78723, phone 512.472.8905, fax 512.472.2934.  
Anonymous changes will not be considered.  Those submitting changes should include contact 
information, state why a change is proposed, include applicable calculations if appropriate, and 
provide alternative language to incorporate the change.  The appropriate committee will 
consider the changes, and from time to time the Texas Section may adopt the changes and 
issue revised Guidelines. 

Readers should check with the Texas Section ASCE to make sure they are using the most 
recent version. 
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Section 2.  DEFINITION OF “ENGINEERED FOUNDATION” 

An engineered foundation is defined as one for which design is based on three phases:  

a. geotechnical engineering information 

b. the design of the foundation is performed by a licensed engineer 

c. construction is observed with written documentation 

These phases are described herein. 
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Section 3.  DESIGN PROFESSIONALS’ ROLES AND RESPONSIBILITIES 

3.1 Geotechnical Services   

Prior to foundation design, a geotechnical investigation and report shall be completed by 
a geotechnical engineer. 

3.2 Design Services   

The foundation design engineer shall prepare the plans and specifications for the 
foundation, and shall be the engineer of record.  The foundation shall be built in 
accordance with the design.  The engineer of record shall approve any design 
modifications.  The geotechnical and foundation design engineering may be performed by 
the same individual. 

3.3 Construction Phase Services 

The engineer of record shall specify on the plans that construction phase observations 
shall be incorporated into the foundation construction.  These activities shall be performed 
by: the engineer of record or a qualified delegate.  The qualified delegate may be a staff 
member under his/her direct supervision, or outside agent approved by the engineer of 
record.  The observation reports shall be provided to the engineer of record.  The 
engineer of record shall issue a compliance letter as described in Section 6.3. 
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Section 4.  GEOTECHNICAL INVESTIGATION 

4.1 Minimum Field Investigation Program 

The geotechnical engineer, in consultation with the engineer of record, if available, shall 
lay out the proposed exploration program.  A minimum exploration program for 
subdivisions shall cover the geographic and topographic limits of the subdivision, and 
shall examine believed differences in geology in sufficient detail to provide information 
and guidance for secondary investigations, if any.  The geotechnical exploration program 
should take into account site conditions, such as vegetation, depth of fill, drainage, 
seepage areas, slopes, fence lines, old roads or trails, man-made constructions, the time 
of year regarding seasonal weather cycles and other conditions that may affect 
foundation performance. 

As a minimum for unknown but believed to be uniform subsurface conditions, borings 
shall be placed at maximum 300-foot centers across a subdivision.  Non-uniform 
subsurface conditions may require additional borings.  One soil boring may be sufficient 
for a single lot investigated in isolation for a simple residence under 2500 square feet.  
However, more borings may be required on sites having fill, having large footprints, or 
noticeably varying geological conditions such as steep slopes or locations near known 
fault zones or geological transitions. 

Borings shall be a minimum of 20 feet in depth unless confirmed rock strata is 
encountered at a lesser depth. However, if the upper 10-ft of soils are found to be 
predominately cohesionless, then the boring depth may be reduced to 15 ft..  Borings 
shall extend through any known fill or potentially compressible materials even if greater 
depths are required. 

All borings shall be sampled at a minimum interval of one per two feet of boring in the 
upper 10 feet and at 5-foot intervals below that.  In clayey soil conditions, relatively 
undisturbed tube samples should be obtained.  In granular soils, samples using Standard 
Penetration Tests should be obtained.  Borings shall be sampled and logged in the field 
by a geotechnically-trained individual and all borings shall be sampled such that a 
geotechnical engineer may examine and confirm the driller’s logs in the laboratory. 

Exploration may either be by drill rig or by test pit provided the depth requirements are 
satisfied.  Sites, which are obviously rock with outcrops showing or easily discoverable by 
shallow test pits, may be investigated and reported without resorting to drilled borings. 

Field logs shall note inclusions, such as roots, organics, fill, calcareous nodules, gravel 
and man-made materials.  If encountered, the depth to water shall be logged. If the 
geology or site conditions indicate, overnight water levels shall be recorded prior to 
backfilling boreholes.  Additional measurements shall be taken at the direction of the 
geotechnical engineer. 



  Recommended Practice for the Design of Residential Foundations – Version 1 

- 6 of 17- 

4.2 Minimum Laboratory Testing Program 

The geotechnical engineer, in consultation with the engineer of record, if available, shall 
develop the laboratory-testing program.  Sufficient laboratory testing shall be performed to 
identify significant strata and soil properties found in the borings across the site.  Such 
tests may include: 
a. Dry Density 
b. Moisture Content 
c. Atterberg Limits 
d. Pocket Penetrometer Estimates of Cohesive Strength 
e. Torvane 
f. Strength Tests 
g. Swell and/or Shrinkage Tests 
h. Hydrometer Testing 
i. Sieve Size Percentage 
j. Soil Suction 
k. Consolidation 

All laboratory testing shall be performed in general accordance with the American Society 
for Testing and Materials (ASTM) or other recognized standards. 

4.3 Geotechnical Report 

4.3.1 Report Contents 
Geotechnical reports shall contain, as a minimum: 
a. purpose and scope, authorization and limitations of services 
b. project description, including design assumptions 
c. investigative procedures 
d. laboratory testing procedures 
e. laboratory testing results 
f. logs of borings and plan(s) showing boring locations 
g. site characterization 
h. foundation design information and recommendations 
i. Professional Engineer’s seal 

4.3.2 Site Characterization 

The geotechnical engineer shall characterize the site for design purposes.  The 
report shall comment on site conditions which may affect the foundation design, 
such as: 
a. topography including drainage features and slopes 
b. trees and other vegetation 
c. seeps 
d. stock tanks 
e. fence lines or other linear features 
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f. geologic conditions 
g. surface faults, if applicable 
h. subsurface water conditions 
i. areas of fill detected at the time of the investigation 
j. other man made features 

4.3.3 Foundation Design Information and Recommendations 

Reports shall contain the applicable design information and recommendations 
requested by the engineer of record for each lot in the project.  If the engineer of 
record is not known at the time of the geotechnical report, the following design 
information should be presented, if applicable. 

4.3.3.1 Soil movement potential as determined by the estimated depth of the 
active zone in combination with at least two of the following methods 
(identify each method used): 
a. Potential Vertical Rise as determined by the Texas Department of 

Transportation Method 124-E, dry conditions 
b. Swell tests 
c. Suction and hydrometer tests 
d. Linear Shrinkage tests 
e. Any other method which can be documented and defended as good 

engineering practice in accordance with the principles of unsaturated 
soil mechanics 

4.3.3.2 BRAB design information including: 
a. Climatic Rating (Cw) of the site 
b. Weighted Plasticity Index 
c. Bearing capacity of the soil 

4.3.3.3 Post-Tensioning Institute (PTI) parameters (using their most current 
design manual and technical notes) including: 
a. em and ym for edge lift and center lift modes (The em and ym in the PTI 

design manual are based on average climate controlled soil 
movements and the design recommendations should take into account 
the added effect of trees and other environmental effects, as noted in 
the PTI design manual). 

b. Bearing capacity of the soil. 
c. If suction values are used to determine the depth and value of suction 

equilibrium or evaluate special conditions such as trees, the values 
shall be determined using laboratory suction tests.  ym determination 
shall be based on suction profile change and laboratory determined 
values of suction-compression index. 

d. em and ym shall be reported for design conditions for suction profile 
varying from equilibrium, and for probable extreme suction conditions. 
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4.3.3.4 Wire Reinforcing Institute (WRI) parameters including: 
a. Climatic Rating (Cw) of the site 
b. Weighted Plasticity Index 
c. Slope Correction Coefficient (Cs) 
d. Consolidation Correction Coefficient (Co) 

4.3.3.5 Deep Foundation (pier/pile) design information including: 
a. Bearing capacity and skin friction along the pier length 
b. Pier types and depths, and bearing strata 
c. Uplift pressures on the pier and estimated depth of active zone (pier 

depth must be below the active zone and provide proper anchorage to 
resist the uplift pressures) 

d. Down drag effects on the piers 

4.3.3.6 Shallow foundations (including post and beam footings) design 
parameters. 
a. Bearing capacity and footing depth 
b. Minimum bearing dimension 

4.3.3.7 Soil treatment method(s) to reduce the soil movement potential and the 
corresponding reduction in predicted movement. 

4.3.3.8 Lateral pressures on any retaining structures or on piers undergoing 
lateral forces. 

4.3.3.9 Trees and other site environment concerns that may affect the foundation 
design.  Information useful for design and construction of residential 
foundations is presented in Appendix A. 

4.3.3.10 Moisture control procedures to help reduce soil movement. 

4.3.3.11 Surface drainage recommendations to help reduce soil movement. 

4.3.3.12 Potential for load induced settlement. 

4.3.3.13 On sloping sites, recommend whether a slope stability analysis is required 
due to possible downhill creep or other instability that may be present. 

4.3.3.14 The presence and methods of dealing with existing and proposed fill.  Fill 
criteria useful for design and construction of residential foundations is 
presented in Appendix B. 

4.3.3.15 Geotechnical considerations related to construction. 
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Section 5.  DESIGN OF FOUNDATIONS 

5.1 Design Information 

The foundation design engineer shall obtain sufficient information for the design of the 
foundation.  This may include: 
a. information gathered by a site visit 
b. the subdivision plan, site plan or plat 
c. the topography of the area including original and proposed final grades 
d. the geotechnical report 
e. special requirements of the project 
f. the project budget 
g. the architectural elevations and floor plans and sufficient additional architectural 

information to determine the magnitude, construction materials and location of 
structural loads on the foundation 

h. exposed or architectural concrete schedule, if applicable 

5.2 Design Procedures for Slab on Ground 

5.2.1 The foundation engineer shall utilize one of the following methods, with the 
modifications presented in this section, as a minimum:   
a. BRAB 
b. Finite Element 
c. PTI 
d. WRI 
e. other methods which can be documented and defended as good engineering 

practice 

5.2.2 Input variables for residential slab-on-ground foundations shall be as follows: 

5.2.2.1 BRAB: 
a. Use the current design manual and technical notes, and the following 

design provisions: 
a.1 Regardless of the actual beam length, the analysis length 

should be limited to a maximum of 50 ft; and 
a.2 Use a maximum long-term creep factor as provided in ACI 318, 

Section 9.5.2.5. 

5.2.2.2 Finite Element: 
a. Use soil support parameters that can be documented and defended as 

good engineering practice in accordance with the principles of 
unsaturated soil mechanics; 

b. Use a cracked moment of inertia for beams that exceed the cracking 
moment; and 



  Recommended Practice for the Design of Residential Foundations – Version 1 

- 10 of 17- 

c. Use a maximum design deflection ratio of 1 / 360 (deflection ratio is 
defined as the maximum deviation from a straight line between two 
points divided by the distance between the two points). 

5.2.2.3 PTI: 
a. Use the current design manual and technical notes, and the following 

design provisions. 
b. Provide minimum residual average prestress of 100 psi. 
c. Maintain the calculated prestress eccentricity within 5.0 inches.  

Bottom beam reinforcing should always be used. 
d. If the computed concrete tensile stress at service loads, after 

accounting for prestress losses, exceeds 4√f’c, provide bonded 
additional reinforcement at the top or bottom of the beam as required 
by tensile forces equal to 0.0033 times the gross beam section.  The 
transformed area of steel may be used to determine a new stiffness 
value for the beam. 

e. The em and ym in the PTI design manual are based on average climate 
controlled soil movements and the design analysis should take into 
account the added effect of trees and other environmental effects, as 
noted in the PTI design manual. 

5.2.2.4 WRI: 
a. Use the current design manual and technical notes, and the following 

design provisions. 
b. Regardless of the actual beam length, the analysis length should be 

limited to a maximum of 50 ft; and 
c. The minimum design length (Lc) shall be increased by a factor of 1.5 

with a minimum increased length of 6 ft. 

5.2.3 Design Considerations  

The foundation design engineer should consider the following  (deviation shall be 
based on generally accepted engineering practice): 

5.2.3.1 The latest ACI publications. 

5.2.3.2 Exterior corners may require special stiffening.  This can be accomplished 
with diagonal beams or parallel interior beams near the perimeter beams. 

5.2.3.3 Provide continuous beams at reentrant corners. For post tensioned 
foundations, all exterior and interior beams should be continuous.  For 
conventionally reinforced beams, interior beams may be discontinuous as 
long as the beam is continued a distance equal to at least twice the Lc 
distance. 

5.2.3.4 Provide stiffening beams perpendicular to offsets (such as fireplaces or 
bay windows) in perimeter beams when the offset exceeds 18-inches. 
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5.2.3.5 Provide interior beams at concentrated loads such as fireplaces, columns 
and heavy interior line loads. 

5.2.3.6 Sites with soil movement potential (see Section 4.3.3.1) exceeding 1.0 
inch should have special design considerations such as strengthened 
sections, revised footprint, site soil treatment, or structurally suspended 
foundation if any of the following conditions is present: 
a. a shape factor (SF) exceeding 20, (SF = perimeter squared divided by 

area) 
b. extensions over 12 ft. 

5.2.3.7 Slab-on-ground foundations with piers shall be designed as stiffened soil 
supported slabs for heave conditions and as structurally suspended 
foundations with the beams and slabs spanning between piers for 
shrinkage and settlement conditions.  Piers shall not be attached to the 
slabs or grade beams unless the connections and foundation systems are 
designed to account for the uplift forces. 

5.3 Design Procedures for Structurally Suspended Foundations 

5.3.1 Structurally suspended floors supported by deep foundations shall be designed in 
accordance with applicable building codes. 

5.4 Design Procedures for Footing Supported Foundations 

5.4.1 Design in accordance with applicable building codes. 

5.4.2 Shallow individual or continuous footing foundations should not be used on 
expansive soils, unless the superstructure is designed to account for the potential 
foundation movement. 

5.5 Minimum Foundation Plan and Specification Information 

5.5.1 Plans shall be signed and sealed by the engineer of record, and be specific for 
each site or lot location.  Plans shall identify the client’s name and engineer’s 
name, address and telephone number; and the source and description of the 
geotechnical data. 

5.5.2 The engineer’s drawings shall contain as a minimum: 
a. a plan view of the foundation locating all major structural components and 

reinforcement 
b. sufficient information to show details of beams, piers, retaining walls, drainage 

details, etc., if such features are integral to the foundation 
c. sufficient information for the proper construction and observation by field 

personnel 
d. information or notes addressing minimum perimeter and lot drainage 

requirements 
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5.5.3 The engineer’s specifications shall include as a minimum: 
a. descriptions of the reinforcing or pre-stressing cables and hardware; 
b. concrete specifications including compressive strengths; 
c. site preparation requirements; 
d. notes concerning nearby existing or future vegetation and the required design 

features to accommodate these conditions; and 
e. the schedule of required construction observations and testing. 

5.5.4 The engineer’s plan shall address site fill: 
a. The plans shall address fill existing at the time of the design or to be placed 

during construction of the foundation and shall require any fills which are to 
support the bearing elements of the foundation to be tested and approved by a 
geotechnical engineer assisted by a qualified laboratory (Bearing elements of a 
suitably designed slab-on-ground foundation are defined as the bottoms of 
exterior or interior stiffener beams.) 

b. The plan shall require that a geotechnical engineer issue a summary report 
describing the methods, and results of investigation and testing that were used, 
and a statement that the existing or placed fills are suitable for support of a 
shallow soil-supported slab-on-ground, or that the foundation elements should 
penetrate the fill to undisturbed material.  See Appendix B for more detailed 
information on fills. 
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Section 6.  CONSTRUCTION PHASE OBSERVATIONS 

6.1 Responsibility for Observations 

Construction phase observations and testing shall be performed in accordance with this 
document. 

6.2 Minimum Program of Observation and Testing 

At a minimum, foundations should be observed and tested as applicable to determine 
whether: 

a. exposed subgrade soils are prepared in accordance with the plans and specifications; 
b. fill material and placement  are in accordance with the plans and specifications; 
c. pier placement, size and depth meet plans and specifications; 
d.  foundation elements, including reinforcement, meet plans and specifications 

immediately before concrete placement; 
e. concrete properties and placement meet plans and specifications; 
f. for post tension slabs, stressing meets the specified elongation and stressing load of 

each tendon; and. 
g. specified site grading and drainage has been constructed. 

6.3 Compliance Letter 

6.3.1 At the satisfactory accomplishment of all the requirements of the plans and 
specifications, the engineer of record shall provide a letter to the client indicating, 
to the best of his knowledge (which may be based on observation reports by a 
qualified delegate as defined in Section 3.3), the construction of the foundation 
was in substantial conformance with: 
a. the minimum standards of practice presented in this document; and 
b. the engineer’s plans and specifications including any modifications or 

alterations authorized. 

6.3.2 A non-compliance letter shall be issued if the construction of the foundation did not 
meet the requirements of Section 6.3.1. 
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APPENDIX A 
 

IMPACT OF MOISTURE CHANGES ON 
EXPANSIVE SOILS 

Most problems resulting from expansive soils involve swelling or shrinking as evidenced by 
upward or downward movement of the foundation producing distress to the structure.  The 
difference between the water content at the time of construction and the equilibrium water 
content is an important consideration.  Potential swell increases with lower initial moisture 
content, while potential shrinkage increases with higher initial moisture content.  Moisture 
contents and shrink/swell movements may vary seasonally even after equilibrium is reached. 
Precipitation and evapotranspiration control soil moisture and groundwater levels.  A slab will 
greatly reduce the evapotranspiration rate beneath the slab and partially reduces the inflow 
due to precipitation or irrigation because of groundwater's ability to migrate laterally.  
Therefore, soils beneath a slab are frequently wetter than soils at the same depth away from 
the slab.  However, a wet season may result in wetter conditions away from the slab than 
under the slab.  With time and normal precipitation patterns, the soil moisture profile will return 
to its normal condition. Seasonal variations in soil moisture away from the slab will generally 
occur fairly quickly.  Seasonal variations in soil moisture beneath the slab will be slower.  In 
addition roots from trees and large vegetation will seasonally remove moisture from nearby 
soils. 
Wetting of expansive soils beneath slabs can occur as a result of lateral migration or seepage 
of water from the outside.  It can be aggravated by ponded water resulting from poor drainage 
around the slab or landscape watering.  Leaking utility lines and excessive watering of soil 
adjacent to the structure can also result in foundation heave. 
Foundations can experience downward movement as the result of the drying influence of 
nearby trees.  As trees and large bushes grow, they withdraw greater amounts of water from 
the soil causing downward foundation movement.  The area near trees removed shortly before 
construction may be drier and subject to localized heave. 

Some construction and maintenance issues include the following: 
 

a. In general, set top of concrete at least eight inches above final adjacent soil grade for 
damp proofing. 

b. For adjacent ground exposed or vegetative areas, provide adequate drainage away 
from the foundation (minimum five percent slope in the first ten feet and minimum two 
percent slope elsewhere).  The bottom of any drainage swale should not be located 
within four feet of the foundation.  Pervious planting beds should slope away from the 
foundation at least two inches per foot.  Planting bed edging shall allow water to drain 
out of the beds. 

c. Gutters or extended roof eaves are recommended, especially under all roof valleys.  
For adjacent ground exposed or vegetative areas, all extended eaves or gutter down 
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spouts should extend at least two feet away from the foundation and past any 
adjacent planting beds. 

d. Avoid placement of trees and large vegetation near foundations (taking into account 
the water demands of specific trees and vegetation). 
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APPENDIX B 
 

IMPACT OF FILL ON FOUNDATIONS 

B.1  Fill 

Fill is frequently a factor in residential foundation construction.  Fill may be placed on a site at 
various times.  If the fill has been placed prior to the geotechnical investigation, the 
geotechnical engineer should note fill in the report.  Fill may exist between borings or be 
undetected during the geotechnical investigation for a variety of reasons.  The investigation 
becomes more accurate if the borings are more closely spaced.  Occasionally, fill is placed 
after the geotechnical investigation is completed, and it may not be detected until foundation 
excavation is started. 

If uncontrolled fill (see discussion below) is discovered later in the construction process, for 
instance, by the Inspector after the slab is completely set up and awaiting concrete, great 
expense may be incurred by having to remove reinforcing and forms to provide penetration 
through the fill.  Therefore, it is important to identify such materials and develop a strategy for 
dealing with them early on in the construction process.  Fill can generally be divided into three 
types: engineered fill, forming fill, and uncontrolled fill.  These three types of fill are discussed 
below. 

 B.1.1 Engineered Fill 

Engineered fill is that which has been designed by an engineer to act as a structural 
element of a constructed work and has been placed under engineering inspection, 
usually with density testing.  Engineered fill may be of at least two types.  One type is 
“embankment fill,” which is composed of the material randomly found on the site, or 
imported to no particular specification, other than that it be free of debris and trash.  
Embankment fill can be used for a number of situations if properly placed and 
compacted.  “Select fill” is the second type of engineered fill.  The term “select” simply 
means that the material meets some specification as to gradation and P.I., and possibly 
some other material specifications.  Normally, it is placed under controlled compaction 
with engineer inspection.  Examples of select fill could be crushed limestone, specified 
sand, or crusher fines, which meet the gradation requirements.  Select underslab fill is 
frequently used under shallow foundations for purposes of providing additional support 
and stiffness to the foundation, and replacing a thickness of expansive soil.  Engineered 
fill should meet specifications prepared by a qualified engineer for a specific project, and 
includes requirements for placement, geometry, material, compaction and quality 
control. 

 B.1.2 Forming Fill 

Forming fill is that which is typically used under residential foundation slabs and is 
variously known as sandy loam, river loam or fill dirt.  Forming fill is normally not 
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expected to be heavily compacted, and a designer should not rely on this material for 
support.  The only requirements are that this material be non-expansive, clean, and that 
it works easily and stands when cut.  If forming fill happened to be properly compacted 
and inspected in accordance with an engineering specification it could be engineered 
fill. 

 B.1.3 Uncontrolled Fill 

Uncontrolled fill is fill that has been determined to be unsuitable (or has not been proven 
suitable) to support a slab-on-ground foundation.  Any fill that has not been approved by 
a qualified geotechnical engineer in writing shall be considered uncontrolled fill.  
Uncontrolled fill may contain undesirable materials and/or has not been placed under 
compaction control.  Some problems resulting from uncontrolled fill include gradual 
settlement, sudden collapse, attraction of wood ants and termites, corrosion of metallic 
plumbing pipes, and in some rare cases, site contamination with toxic or hazardous 
wastes.  

B.2  Building on Non-Engineered (Forming Or Uncontrolled) Fill 

Foundations shall not be supported by non-engineered fill.  To establish soil-supported 
foundations on non-engineered fill, the typical grid beam stiffened slab foundation is required 
to penetrate the non-engineered fill with the perimeter and interior beam bottoms forming 
footings.  Penetration will take the load supporting elements of the foundation below the 
unreliable fill.  Penetration could be accomplished by deepened beams, spread footings or 
piers depending on the depth and the economics of the situation.  Generally, piers are most 
cost effective once the fill to be penetrated exceeds about three feet, but this depends on the 
foundation engineer’s judgment and local practice.  Floor systems shall be designed to span 
between structurally supported foundation elements.  

Pre-existing fill may be classified as engineered fill after investigation by the geotechnical 
engineer.  The approval may depend on the fill thickness, existence of trash and debris, the 
age of the fill, and the results of testing and proof rolling.  The geotechnical engineer must be 
able to expressly state after investigation that the fill is capable of supporting a residential slab-
on-ground foundation. 
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Forward to Version 1 

The Texas Section of the American Society of Civil Engineers (ASCE) adopted Guidelines for 
residential foundation engineering on October 3, 2002, with an effective date of January 01, 
2003.  The Section began this work in 1999. 

This effort grew out of the response of many Section members to the Policy Advisory issued by 
the Texas Board of Professional Engineers (TBPE) in 1998, which addressed residential 
foundation engineering.  Many ASCE practitioners expressed the opinion that technical 
guidelines should more rightly be created by a technical society such as ASCE rather than by 
the TBPE.  One goal of the guidelines has been to provide the TBPE with guidance in their 
evaluation of complaints brought against engineers practicing residential foundation 
engineering.  

The committees were composed entirely of ASCE members who were licensed engineers.  
The dollar value of the professional services donated to the effort is conservatively estimated 
to exceed $1,000,000. 

The Guidelines are not intended to be Standards, but are guidelines only, reflecting the 
engineering opinions and practices of the committee members.  They in no way replace the 
basic need for good engineering judgment based on appropriate education, experience, 
wisdom, and ethics in any particular engineering application.  Thus, they are primarily suited as 
an aid for and use by engineers. 
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Guidelines for the  
Evaluation and Repair of Residential Foundations – Version 1 

By the Texas Section of the 
American Society of Civil Engineers 

 

Section 1.  PURPOSE AND SCOPE 

1.1 Introduction 
The purpose of this document is to provide guidance for engineers practicing in the field 
of residential foundation evaluation and repair within the State of Texas with the goal of 
protecting the public when obtaining these services.  The principal items discussed in this 
document are as follows:  
1. An introduction presenting the background leading to the need for this document  
2.  Qualifications of engineers performing evaluations or repair designs  
3.  Scope of services    
4.  Methodology 
5.  Information typically presented in the evaluation report  
6.  Performance criteria for residential foundations 
7.  Foundation repair and remedial alternatives  
8.  Anticipated structure performance after remedial measures 

1.2 Background 

Texas has large areas with clayey soils that shrink and swell with changes in soil 
moisture content.  This shrinking and swelling may cause movement of residential 
foundations that adversely affects the residence.  Other factors may influence foundation 
performance.  Some of these factors are inadequate design or construction, unanticipated 
loads, deterioration of materials, compressibility of the supporting soils, landscaping 
practices, leaking plumbing, and slope instability.  The American Society of Civil 
Engineers, Texas Section (ASCE, TX) developed this document as a guideline for 
evaluation and repair of residential foundations.  A separate document, Recommended 
Practice for the Design of Residential Foundations, also developed by ASCE, TX, 
addresses residential foundation design. 

1.3 Objectives 
The most common purpose of an engineering evaluation of a residential foundation is to 
assess its performance.  This involves observation and evaluation of cosmetic (non-
structural) distress and structural damage.  The evaluation may also provide opinions of 
probable causes of distress or damage, assessment of risk of further damage,  
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recommendations for remedial measures, and cost estimates.  If the evaluation 
determines that remedial measures are appropriate, the engineer may be asked to 
provide the design and construction documents.   

1.4 Limitation 
These guidelines have been developed by experienced professional engineers and 
presents practices they commonly employ to help deal effectively with soil conditions that 
historically have created problems for residential foundations in Texas.  These guidelines 
presume the existence of certain standard conditions when, in fact, the combination of 
variables associated with any given project always is unique.  Experienced engineering 
judgment is required to develop and implement a scope of service best suited to the 
variables involved.  For that reason, the developers of this document have made an effort 
to make the document flexible.  Thus, successful application of this document requires 
experienced engineering judgment; merely following the guidelines may not achieve a 
satisfactory result.  Unless adherence to this document is made mandatory through force 
of law or by contractual reference, adherence to it shall be deemed voluntary.  This 
document does not, of itself, comprise the standard of care which engineers are required 
to uphold. 

1.5 Adopted Changes 

The Texas Section of the American Society of Civil Engineers (ASCE) has adopted 
procedures for changing the guidelines.  In general, those interested in submitting 
changes for consideration by the Section should access the website at www.texasce.org, 
and follow the instructions for submitting changes.  Changes may also be submitted in 
writing to the Texas Section - ASCE, 3501 Manor Road, Austin, 78723, phone 
512.472.8905, fax 512.472.2934.  Anonymous changes will not be considered.  Those 
submitting changes should include contact information, state why a change is proposed, 
include applicable calculations if appropriate, and provide alternative language to 
incorporate the change.  The appropriate committee will consider the changes, and from 
time to time the Texas Section may adopt the changes and issue revised Guidelines. 

Readers should check with the Texas Section ASCE to make sure they are using the 
most recent version. 
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Section 2.  QUALIFICATIONS OF THE ENGINEER 

2.1 Professional Qualifications 

The evaluation and repair design shall be performed by a professional engineer licensed 
in the State of Texas.  Engineers in responsible charge of this type of work must be 
competent to apply scientific and engineering education, training, knowledge, skill and 
experience to the investigation and analysis of constructed facilities.  This determines the 
cause and extent of diminished performance and the means of remediation.  Engineers 
should be competent in the related disciplines or should retain outside consultants as 
needed. 

2.2 Professional Ethics 
It is essential to avoid conflicts of interest to maintain the credibility of the evaluation 
investigation.  The evaluating engineer must demonstrate qualities of character that will 
ensure impartiality.  These qualities include objectivity, confidentiality, honesty and 
integrity. 

ASCE members subscribe to the ASCE Code of Ethics, which includes the Fundamental 
Principles, Fundamental Canons, and Guidelines to Practice Under the Fundamental 
Canons of Ethics.  Professional Conduct and Ethics comprise a sub chapter of the Texas 
Engineering Practice Act. 
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Section 3.  LEVELS OF INVESTIGATION 

3.1 General 
The engineer should recommend an appropriate level of investigation to fulfill the 
objective of the evaluation. However, the scope of services shall be jointly established 
and agreed to by both the client and engineer.  The engineer should personally visit the 
site and be in responsible charge of the investigative activities.  If requested by the client, 
the engineer may only provide evaluation of reports by others, but this should be 
described as consultation, not investigation.  For the purpose of aiding the client in 
determining the type of evaluation desired or actually performed, the following three levels 
of investigation are offered as guidelines. 

3.1.1 Level A 

This level of investigation shall be clearly identified as a report of first impressions 
and shall not imply that any higher level of investigation has been performed.  This 
level of investigation will typically include, but is not restricted to: 

1. Interview the occupant, owner and client if possible, regarding a history of the 
property and performance of the structure  

2. Request from the client and review the provided documents regarding the 
foundation, such as construction drawings, geotechnical reports, previous 
testing and inspection reports, and previous repair information 

3. Make visual observations during a physical walk-through 

4. Observe factors influencing the performance of the foundation 

5. If requested by the client, provide a written report, containing at least the 
following: 
a. scope of services 
b. observations, site characteristics, and data deemed pertinent by the 

engineer 
c. discussion of major factors influencing foundation performance and 

rationale in reaching conclusions concerning the subject residence 
d. conclusions and any recommendations for further investigation and 

remedial or preventative measures 
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3.1.2 Level B 

This level of investigation should include a written report including the items listed 
above for a Level A inspection and also the following items:  

1. A determination of relative foundation elevations in sufficient detail to represent 
the shape of the foundation or floor adequately. 

2. A drawing showing relative elevations 

3.1.3 Level C 

This level of investigation shall include the items listed above for Level A and Level 
B inspections and additional services, testing and related reports deemed 
appropriate by the Engineer.  These may include, but are not limited to, the 
following: 

1. Site specific soil sampling and testing 

2. Plumbing testing 

3. Material testing 

4. Steel reinforcing survey 

5. Post tensioning cable testing 

This level of investigation should also include a more detailed level of reporting, 
which may include the following: 

1. Scaled drawings 

2. Description of factors that affect soil moisture 

3. Observations of cut and fill 

4. Tree survey 

5. Photographs 

6. Detailed distress survey 
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Section 4.  EVALUATION METHODOLOGY 

4.1 General 

A rational method should be used to establish causes of distress or diminished 
performance, if any.  A suggested method is summarized as follows:   

1. Observe the structure, site conditions, other relevant phenomena, and collect pertinent 
data 

2. Analyze the data 

3. Formulate hypotheses 

4. Test the hypotheses using analyses acceptable to the engineering profession along 
with engineering experience 

5. Reach conclusions or reformulate the hypotheses 

4.2 Analysis 

Diminished performance of a structure may have several causes.  The engineer should 
approach the analysis with an open mind.  The analysis should follow a logical path to its 
conclusion.  The evaluation should be quantitative to the extent practical, but should not 
assume greater accuracy or precision than warranted by the data.   
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Section 5.  EVALUATION CRITERIA 

5.1 General   
Residential foundations are expected to remain reasonably flat and level to provide 
acceptable performance.  The criteria herein are intended to lend rationality and 
reasonable uniformity, supported by a consensus of practitioners, to the evaluation of 
performance and the need for repair of residential foundations.   

The bases of these evaluation criteria are structural integrity (strength) and performance 
(serviceability).  Both may be affected by foundation deformation and tilt.  Evaluations 
may be interpreted from the body of evidence or demonstrated by calculations. 

5.2 Structural Integrity 
In evaluating a foundation, structural integrity considers the capability of the foundation to 
support its design loads as well as results and effects on other load bearing members of 
the superstructure.  Elements of concern are stability, component strength and condition, 
and material soundness.  In evaluating structural integrity, it should be understood that in 
many instances portions of the foundation and other structural components may not be 
available for observation. 

Lack of structural integrity may be indicated by excessive deflection, cracking, partial 
collapse, loss of section, material deterioration, or demonstrated by calculations.  If loss of 
structural integrity is demonstrated by calculations, the conclusion must be consistent with 
the physical evidence.  Examples of lack of structural integrity include loss of shear 
capacity in concrete through excessive cracking, excessive tilt of structural elements such 
as posts or piers, unstable conditions in non load-bearing masonry, and rotting of wood 
structural members.  The engineer should evaluate the following, if they are observed: 

1. Observed cracks.  Cracks may make concrete structural members weaker, although 
the majority of cracks do not compromise structural integrity. 

2. Tilting of posts or piers above grade.  Tilting can affect structural integrity or stability, 
although posts or piers above grade designed for eccentricity of load can tolerate 
some tilting without overstress.  However, ordinary construction tolerances may result 
in vertical members being built out of plumb. 

3. Tilt, if any, of masonry veneer panels.  Excessive tilt can lead to catastrophic panel 
collapse.  Masonry veneer or infill is normally non load-bearing, and in some cases the 
veneer or infill may not be held in place except by its own weight.  Wall tilt large 
enough to cause the weight vector (or center of gravity) to fall outside the middle third 
of bearing area is sufficient to cause tension in masonry veneer. 
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4. Observed material deterioration.  The strength of deteriorated material may raise a 
structural integrity issue.  Evaluation of material deterioration may be based on 
observation, material sampling and testing, or non-destructive methods. 

5.3 Performance 
Performance considers the capability of the building to serve its intended purpose.  
Elements of concern are safety, function, durability, and habitability.  Inadequate 
performance may result from inadequate strength or insufficient stiffness, and is shown in 
many ways.  Visible indications may include: 
1. Cracking or separating of exterior walls 
2. Rotating, buckling, or deflecting masonry veneer panels 
3. Cracking of concrete foundation elements 
4. Cracking of gypsum board walls and ceilings 
5. Separating of walls from ceilings or floors 
6. Separating of rafters from a ridge board 
7. Racking of door and window frames 
8. Separating or racking of other structural framing 
9. Cracking, buckling, or separating of floor coverings 
10. Separating of initially tight joints 
11. Deflecting, deforming, or tilting of structural elements 
12. Deteriorating materials 

Observation of some of the listed conditions does not necessarily imply inadequate 
structural performance or insufficient stiffness. 

5.4 Deflection and Tilt 

Foundation deflection (bending or angular distortion) and tilt (planar rotation) may affect 
structural integrity and performance.  Determining the deflection and tilt of a slab-on-
ground foundation is an approximation without an as built or previous floor elevation 
survey, because the original surface configuration is unknown.  Therefore, a floor 
elevation survey should not be the only basis for evaluating foundation deflection and tilt. 

Deflection may be more difficult to evaluate quantitatively than any other element of 
performance.  Deflection is characterized by the deflection ratio, which is defined as the 
maximum deviation from a straight line between two points divided by the distance (L) 
between the two points.  Overall deflection, as defined below, may be more easily 
interpreted and evaluated than localized deflection.  Localized deflection may be a more 
common occurrence. 

5.5 Overall Deflection 
Overall deflection necessarily involves the overall foundation dimension in a given 
direction.  When additions have been made to a foundation, the overall foundation 
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dimension should be considered for each separate foundation element and for the entire 
foundation.  The amount of overall deflection is measured by the deflection ratio. 

Building codes specify that structural members shall be designed to have adequate 
stiffness to limit deflections.  The International Code Council International Residential 
CodeTM for One- and Two-Family Dwellings (IRC) specifies a maximum allowable live 
load deflection of L/360.  This deflection criterion may be appropriate for the analogous in-
service deflection of a residential foundation due to loading from varying soil conditions. 
The maximum live load deflection of a floor is the in-service deflection that typically will 
not result in excessive damage to cosmetic finishes. 

A single floor level survey yields the shape of the foundation at one instant, and may or 
may not furnish sufficient information to support a conclusion.  An evaluation may include 
repeated floor level surveys performed over months or years.  In such cases, the change 
in shape is measured between surveys.  In addition, previous foundation repairs may 
change elevation shapes. 

The engineer evaluating deflection must consider the floor level survey (Levels of 
Investigation B or C), and other indications of movement, such as: 

1. Brick coursing not level.   

2. Poor door alignment.   

3. Levelness of built in horizontal surfaces, such as cabinets, countertops, sills and trim. 

4. Cracking of exterior and interior wall finishes may indicate deflection, as do most items 
listed in 5.3 above. 

If a foundation profile indicates the deflection is less than the analogous deflection limit of 
L/360, it is unlikely the foundation is deflected materially unless visible indications show 
otherwise. 

If a foundation profile indicates the deflection is more than the analogous deflection limit 
of L/360 and minimal symptoms of deflection are present, then additional information is 
needed by the engineer to develop a conclusion.  The additional information may allow 
the engineer to determine whether or not the foundation has deflected excessively. 

If a foundation profile indicates the deflection is more than the analogous deflection limit 
of L/360 and sufficient symptoms of deflection are present, then the engineer generally 
will be justified in determining that the foundation has deflected excessively. 

5.6 Localized Deflection 
Localized deflection means a change from original profile or shape in an area smaller 
than the overall foundation.  Localized deflection manifests itself in similar ways as overall 
deflection.  It sometimes results in localized structural integrity or performance problems.  
The engineer should evaluate the significance of localized deflections and their 
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consequences as in Section 5.5, but caution is advised when evaluating floor deviations 
over only a few feet because built-in unevenness can dominate. 

5.7 Tilt 
Foundation tilt can affect structural integrity and performance.  Tilt of entire foundations 
may be evaluated for structural integrity using the criterion stated for veneer panels, as 
discussed in Section 5.2 of this document.  This criterion may be found in the 1997 
Uniform Code for Abatement of Dangerous Buildings. 

Floors may tilt enough to affect comfortable or convenient use of the building.  A floor 
slope greater than 1 percent is usually noticeable.  The Americans with Disabilities Act 
considers a 2 percent slope too large. 

 5.8 Remediation Criteria 
If the residence is found to be unsafe due to structural inadequacies, the client and/or civil 
authorities should be informed immediately.  The engineer should recommend repair, 
restoration, remediation, adjustment, or use alternatives if the structural integrity is 
inadequate.  The engineer should provide alternatives for the client's consideration if 
performance is inadequate.  Recommendations and alternatives should be 
commensurate with the nature and cause of the inadequacy, and the seriousness of its 
consequences.  

The engineer should consider the cost effectiveness and practicality of the 
recommendations, the projected performance, and the needs of the client.  For example, 
an owner may choose to perform periodic cosmetic repairs and door adjustments, rather 
than comprehensive foundation underpinning. 

Risks of continued diminished performance are involved in all remedial measures.  The 
engineer can, however, provide recommendations for remedial measures that reduce 
risks.  Not implementing the entire remedial plan may increase such risks. 
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Section 6.  REPORTING 

The report provides a record of the investigation, analysis and conclusions.  Report formats 
may vary, but should contain pertinent information that was obtained or generated during the 
investigation.  The following list includes items that may be included in a report: 

1. Authorization and Scope 

2. Property Location and Description 

3. Sources of Information 

4. Data 

5. Assumptions 

6. Analysis of Information and Data 

7. Conclusions 

8. Recommendations 

9. Limiting Conditions 
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Section 7.  REMEDIAL MEASURES 

7.1 Objectives and Limitations of the Remedial Measures  

The objective of the engineer should be to design and recommend cost effective remedial 
measures.  Remedial measures should address diminished structural integrity and 
performance identified during the evaluation process.  Recommendations for remedial 
measures should include a clear description of what the remedial measures are intended 
to accomplish. 

Perfection is not attainable by remedial measures.  Recommendations for remedial 
measures should identify important or significant limitations of the measures, and should 
comment on reasonable expectations of the remedial measures. 

7.2 Responsibility of the Engineer 
The engineer who provides sealed remediation documents or plans and specifications 
shall be the engineer of record and shall have approval authority over any changes.  The 
Texas Engineering Practice Act and Rules adopted by the Texas Board of Professional 
Engineers prohibits the practice known as “plan stamping” by requiring that engineers 
seal only work done by them or under their direct supervision. 

7.3 Non-structural Remedial Measures  
Non-structural remedial measures may improve foundation performance and reduce 
future movement.  Applying non-structural remedial measures and monitoring foundation 
performance prior to or in lieu of structural repairs may be a prudent approach. Typical 
recommendations for non-structural remedial measures may include, but are not limited 
to, the measures listed below. 

7.3.1 Conscientious Watering Program 

The client should be informed that maintaining near uniform soil moisture 
conditions near all sides of the foundation may be beneficial.  Caution should be 
advised against excessive watering. 

7.3.2 Vegetation Alteration 

Trees or large shrubs near a foundation may cause soil shrinkage under the 
foundation.  Removal of these trees or shrubs may stop shrinkage or lead to partial 
restoration of settled areas of the foundation.  Removal may result in upheaval 
caused by soil moisture increase, especially if the tree predates construction.  If 
trees are removed, a suitable waiting period may be recommended to allow for soil 
heave. 
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7.3.3 Root Barriers 

Root barriers or periodic root pruning may mitigate the effects of vegetation.  Root 
barriers are generally not as effective as tree removal. 

7.3.4 Gutters and Downspouts 

Uncontrolled roof runoff can cause erosion and ponding of water near the 
structure, which can be mitigated by addition of gutters and downspouts.  
Downspouts should be extended well past the edge of the foundation, past the 
edge of abutting planting beds, and into well-drained areas. 

7.3.5 Drainage Improvements 

Drainage improvements may be appropriate to address foundation movement.  If 
drainage improvements are considered, the following guidelines may be 
appropriate. 

7.3.5.1 Surface Grading 

Where practicable, for adjacent ground exposed or vegetative areas, a 
minimum slope of 5 percent (i.e. 6 inches in 10 feet) away from the 
foundation should be provided for the first 5 feet all around.  Swales 
should have longitudinal slopes of at least 2 percent (i.e. 6 inches in 25 
feet), if practicable, and 1 percent (i.e. 3 inches in 25 feet) at a minimum.   

7.3.5.2 Erosion Control 

The remedial documents should indicate locations where fill, ground cover 
or retaining structures are to be added. 

7.3.5.3 Surface Water Drainage 

When surface drainage cannot be improved adequately by grading, or 
when otherwise appropriate, solid pipe drainage systems should be 
specified.    The ground surface should be graded to slope to one or more 
drainage inlets.  Cleanouts should be provided for maintenance.  
Downspouts may be connected to solid pipe drainage systems, if the pipe 
is large enough for the hydraulic load of roof drainage. 

7.3.5.4 Subsurface Water Drainage 

Subsurface water drains are appropriate to control subsurface water, and 
usually consist of perforated pipe, with or without filter fabric, in an 
aggregate-filled trench.  Provide a continuous minimum slope of 0.5 
percent to a surface outfall.  Cleanouts should be provided for 
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maintenance.  Downspouts should not be connected to perforated pipe 
subsurface drainage systems.   

7.3.6 Moisture Barriers 

Vertical or horizontal moisture barriers may be effective to mitigate moisture 
migration under the foundation.  Moisture barriers may consist of durable 
impermeable plastic sheeting or other appropriate material attached to the 
foundation. 

7.4 Structural Remedial Measures 
Structural remedial measures may be necessary to improve foundation performance. 

7.4.1 Structural Remedial Documents 

The engineer should provide documents or plans and specifications that show 
specific details of the remedial measures.  Plans should be specific for the project, 
and be based upon generally accepted engineering practice, including appropriate 
engineering calculations. 

Remediation documents should include the following: 

1. The site address 

2. The engineer's name and the firm's name, address, and telephone number 

3. The client's name and address 

4. The purpose and limitations of the remedial measures 

5. Available geotechnical information and source 

6. A plan view of the foundation locating known relevant structural components 

7. Details to show how to construct repair components 

8. Specifications to identify appropriate materials and methods 

9. Requirements for construction observation or testing by the engineer or others 

10. Existing floor elevations or contours and elevation adjustment requirements, if 
appropriate 

11. The requirement for performing a floor elevation survey after completion of the 
remedial measures 

12. Site restoration requirements 
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7.4.2 Geotechnical Information 

The engineer designing structural remedial measures will need geotechnical 
information.  In some cases, geotechnical information may be derived from 
successful local practice, or other experience, verified during construction.  For 
major or comprehensive remedial measures, geotechnical information should be 
derived from a site specific boring and testing program tailored to the project's 
needs.   

7.4.3 Repair of Slab Foundations 

Concrete slab-on-ground foundation repair methods include, but are not limited to: 
underpinning, grouting, mudjacking, crack injecting, tendon stressing, and partial 
demolition and reconstruction.  

7.4.3.1 Underpinning 

The plans should show or specify specific locations of underpinning 
elements and their sizes, depths, material types, and minimum required 
material strengths if appropriate.  Underpinning design shall be based 
upon generally accepted engineering practice and appropriate engineering 
calculations. Performance of underpinning can be compromised by 
integrity of existing slab components, changes in soil moisture, skin 
friction, point load, and other factors.   

Underpinning part of a structure may be specified if calculations, tests, or 
experience show that the unsupported structure can support its design 
loads.  The construction documents should state that underpinning will not 
improve the performance of the foundation in non-underpinned areas.   

Elevation adjustments by jacking or lifting atop underpinning elements 
may be applicable when floor slopes are excessive, or when the design 
requires that the foundation be lifted clear of expansive soil.  Elevation 
adjustments should be governed by field judgment to limit damage to the 
foundation and finishes.  It is unlikely that elevation adjustments will result 
in a level foundation.  

7.4.3.2 Grouting and Mudjacking 

In general, grouting provides continuous slab support without lifting 
appreciably.  Mudjacking is done to adjust elevations of a foundation 
hydraulically with continuous uniform support.  Grouting or mudjacking 
may be accomplished with temporary support atop shallow footings or 
long-term support atop deep piles or piers.  Grouting or mudjacking should 
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not be performed beneath underpinned foundations if expected swelling of 
the soil in the injected area is sufficient to damage the structure.   

7.4.3.3 Crack Injecting 

Injecting slab cracks of about 1/32 inch and larger with epoxy repair 
cement is intended to restore stiffness across the injected crack. If the 
objective of the repair is solely to limit moisture intrusion or insect ingress, 
then alternative materials, such as sealants, may be appropriate. 

7.4.3.4 Tendon Stressing 

Stressing relaxed or inadequately stressed post-tensioned tendons may 
be applicable when tests show tendon forces below those specified in the 
original design or by applicable authority.  Stressing may restore the 
residual prestress in the concrete, and should be performed after elevation 
adjustments and epoxy crack injecting, if any.   

7.5 Repair of Pier and Beam Foundations 
Pier and beam foundations consist of structurally supported floor systems atop piers, 
posts or footings.  Repairs may include shimming the floor framing atop the existing 
supports, repairing or strengthening the floor framing, replacing or adding supports, and 
re-establishing void space.   

7.5.1 Floor Shimming 

Floor framing may be adjusted by addition of shims atop pier caps.  Hardwood or 
steel shims may be used to fill gaps. 

7.5.2 Framing Repairs 

Structural members that are damaged or distressed should be replaced or 
reinforced.  Treated lumber is recommended for general use in framing repairs. 

7.5.3 Additional Supports 

Additional supports can be installed when beam or floor framing spans are too 
great for the design loads, or when existing supports have deteriorated or are 
otherwise ineffective.   

7.5.4 Void Space 

Void spaces designed under foundation elements should be reestablished as 
necessary.   
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7.5.5 Under-Floor Crawl Space Moisture Control 

Under-floor moisture control measures include crawl space cross ventilation, 
under-floor drainage, floor beam and floor joist ground clearance, and treated 
lumber.   

7.6 Post Lift Plumbing Testing 
Water supply and sanitary drain lines should be tested for leaks if jacking or lifting is 
included in the remedial measures.  Gas service lines may require adjustment.  Leaks 
found by such testing should be repaired. 

7.7 Floor Elevations 
Floor elevation measurements should be made after implementation of remedial 
measures.  The engineer should keep a record of these elevation measurements and 
furnish a copy to the client. 

7.8 Compliance Letter 
Upon satisfactory completion of the remedial measures, the engineer, if retained to do so, 
should provide a letter of substantial completion to the client stating that to the best of the 
engineer's knowledge, the remedial measures generally conform to the remediation 
documents, including approved changes.  Deviations from the remediation documents 
should be noted in the letter.   
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