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Geotech Engineering and Testing (GET) is a Texas owned, multi-disciplined organization. Our team 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) engineers, technicians, and support staff. All of our employees
are located in our Houston office. The firm, which was established in 1985, provides the following
services: . |

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

o Geotechnical engineering, including soil borings, laboratory testing, engineering analyses and
recommendations regarding foundations, pavements, slope stability, retaining wa!ls ground
improvement, construction considerations, etc. ; |

o Construction materials engineering, including earthwork, asphalt, steel, and concrete testing

o Environmental engineering, including site assessments, monitor well installations, fault
studies, and underground storage tank contamination studies.

GET employees provide services on a vast number of diverse projects and clientele ranging from small
architectural firms to large architectural/engineering companies, developers, contractors, and chain
stores. The primary purposes of the firm are to promptly, accurately and comprehensively provide
geotechmcal reports, environmental studies and materials observations throu gh our reasonably budgeted
engineering services.

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

Commercial: 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 Terminals, Sea Walls,
Electrical Substations, Power Plants, Tank Farms, Flare Stacks, Machine Foundations,
Bulkheads, Erosion Protection Systems, etc.

Public: Wastewater projects, Roads, Bridges, Prisons, Parks, Airports, Storm Sewers, Pavement
Repair, Educational Facilities, Libraries, Water, Dams, Slope Stabilization, Buildings,
Fire Stations, Waste Disposal Facilities, Environmental Site Assessments - Phases I, II,
and III; Underground Storage Tanks, Tunnels, Railroad Design, Ground Storage Tanks,
Instrumentation, Drilling and Sampling, Fault Studies, Subsurface Studies, etc.

800 Victoria Drive » Houston, Texas 77022-2908 = Tel.: 713-699-4000 * Fax: 713-699-9200
Texas » Louisiana * New Mexico » Oklahoma
Website: www.geotecheng.com
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MISSION

The mission of the Foundation Performance Association is o improve
the performance of foundations for residential and other low-rise

buildings.

The targeted membership of the Foundation Perfarmance Association
includes structural and geotechnical engineers, consultants, architects,
builders, inspectors, and repair contractors actively engaged in the design,
engineering, conslruction, inspection, assessment, and repair of lightly
loaded foundations in Texas. Also targeted as associate or corporate
members are product manufacturers, vendors, developers, attorneys,
warrantors, realtors, lenders, appralsers, insurers, and other professionals
involved in foundation maintenance, materialg, litigalion, warranty, finance,
insurance, and other aspects of the residential and nonresidential low-rise
building industry.

To accomplish our mission we will:

s Provide and maintain a nonprofit technical organization with
eppropriate bylaws for the targeted membership.

s Regulary hold open technical meelings, seminars, and other events
in order to educate our largeted membership and the public, to
promote the improvement in foundation performance, and to elevale
the standards and ethics of those engaged in the foundation industry
for residential and other low-rise buildings.

pyright:

sl « Organize committees with appropriate rules and peer review, with the

uston, Texas goal of researching and wriling documents such as guides and
recommended practices thal are beneficial to our targeted

bmaster: Liz Stansteld membership and the public.

» Publish our documents through a website, making them freely
available 1o our targeted membership and the public.

fiwww_foundationnerformance.ore/mission. html Q/1nnns



SEMINAR - FOUNDATIONS ON EXPANSIVE SOILS

PROGRAM AGENDA
FRIDAY, SEPTEMBER 23, 2005

Time Taopics
G:45 am Reqistration |
7:15 am Seminar Opening by David Eastwood, P.E.

Rpy f-q{ciiﬁ-
7:25 am Tribute to Professor Michael O'Neill - Mr. P.E. — Kenneth Tand
and Associales, Inc.

7:35 am Introduction of Unsalurated Soils by Dr. Lytton, P.E.
B:00 am Computations of Swell and Shrinkage In Expansive Soils — Dr. Lytton

Development of Volume Change  Parameters
Use of Soil Suction Concepts

Depth of the Moisture Active Zone

Depth of the Movement Active Zone

Comment on PVR

B:45 am Break |
8:55 am Continuation — Lytton

9:30 am Field Exploration and Site Condilions - Meyer

10:00 am Laboratory Testing - Meyer

Swell Tesls Procedures
Soil Suction Tests

10:30 am Break
10:40 am Geotechnical and Structural Design of Posi-Tensioned Slabs-on-Ground using
PTI 2004 Manual and Computer Programs VOLFLO 1.5 and PTISLAB 3.0 -
Meyer, Read
12:00 - 1:00 pm Lunch
1:00 pm Continuation - Meyer, Read
110 pm Design Concepts of Various Foundation Systems = Dr. Lytton
Crilled Footings
Floating Slabs
Maisture Barrier
Root Barrier
Pavemenls
Slopes
220 pm Break
2:40 pm Construction Maintenance and Inspection — Price
3:40 pm Break
350 pm Forensic Evaluation of Foundations — Mr. Eastwood, P.E.
4:50 pm Legal Issues — Mr, David Dorr, P.E., Esquire
5:20 pm Panel Discussion
Questions and Answers
6:00 pm Adjorn

word seminaragenda



Seminar — Foundations on Expansive Soils
Course Notes
September 23,2005
Table of Contents

Mr, David Eastwood. P.E. — Resume

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

Homeowner Maintenance Program

Dr. Lvtton, Ph.D, P.E. - Resume
Appendix B: Soil Suction Conversion Factors
Indirect Measurement of Soil Suction
Engineering Structures in Expansive Soils |
Estimating Soil Swelling Behavior Using Soil Classification Properties
Foundations and Pavements on Unsaturated Soils
Foundations on Expansive Soils — Houston - September 23, 2005
Prediction of Movement in Expansive Clays
Ranges of Suction
Shallow Slides in Compacted High Plasticity Clay Slopes
Slab-on-Ground — a Finite Element Method Analysis
Soil Suction Measurements by Filter Paper
Soil Water Potential Energy
Standard Test Method for Liquid Limit, Plastic Limit, and Plasticity Index of Soils
Standard Test Method for Measurement of Soil Potential (Suction) Using Filter Paper
Standard Test Method for Particle-Size Analysis of Soils
Standard Test Method for Specific Gravity of Soils
Soil Suction Measurements by Filter Paper

The Transistor Psychrometer



Mr. Kirby Mever, P.E. and Mr. Dean Read, P.E. — Resumes

Field Exploration and Site Conditions

Application of Geotechnical and Structural Procedures for Expansive Soil Using PTI 3" Edition
Manual

Mr. Russel Price. P.E. — Biography

Post-Tensioned Prestressed Concrete
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Liability Management in Foundation Engineering

Foundation Performance Association Documents

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

Foundation Design Options for Residential and Other Low-Rise Buildings on Expapsive Soils
Distress Phenomena Often Mistakenly Attributed Itu Foundation Movement

Recommend Practice for Geotechnical Explorations and Reports

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

Design, Manufacture, and Installation Guidelines of Precast Concrete Segmented Piles for
Foundation Underpinning

Quality Control Checklists for Foundation Inspection of Residential and Other Low Rise
Buildings

ASCE Papers
Recommended Practice for the Design of Residential Foundations

Guidelines for the Evaluation and Repair of Residential Foundations
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GEOTECH

Geotechnical, Environmental, Construction Materials, and Forensic Engineering
ENGINEERING

DAVID A. EASTWOOD, P. E., CA.P.M.
PRESIDENT

SUMMARY

Mr. Eastwood is the President and Chief Engineer with Geotech 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.
Eastwood's extensive experience is to provide clients with causations of distress on distress projects.
Mr, Eastwood's experience has been in the areas of buildings, roads, parking lots, slopes, retaining walls,
sewer leaks, pool leaks, etc.

EDUCATION

1977 Bachelor of Science in Civil Engineering,
University of Houston

1978 Master of Science in Civil Engineering,
University of Houston

1978 Present
Post Graduate studies at Princeton, Rice University, and the University of Houston

LICENSES

Licensed Professional Engineer - Texas No. 51419

Licensed Professional Engineer - Louisiana 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. 01181

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.

B00 Victoria Drive « Houston, Texos 77022-2008 « Tel.: T13-699-4000 = Fax: 713-699-0200
Texas « Louisiana * New Mexico » Oklahoma
Website: www geotecheng.com



OVERALL EXPERIENCE

1; Forensic (Foundation) Engineering and expert testimony for residential, commercial and road
projects. Mr. Eastwood is the founder and former President of the Foundation Performance
Association, an association of engineers speciahizing in the evaluation of distress. Mr. Eastwood
is on the Design Committee of Texas Board of Professional Engineers, Residential Foundation
Committee. In addition, Mr. Eastwood is the Chairman of the Post-Tensioning Institute Slab-on-
Grade Geotechnical Subcommittee. This committee develops geotechmical 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 Section, Committee
that developed the document “Recommended Practices for the Design of Residential
Foundations.”

3. Soils and foundation studies for design and construction of buildings, 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, Analysis of experimental test data and correlation of data with respect to swelling characteristics
of expansive soils as they relate to design of residential and commercial structures.

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

(a) heave

(b) slope stability of embankments
(c) pile foundations

(d) settlement

(e) dynamics of foundations

() seepage

(g) expansive soils

6. Environmental site assessment studies, waste management, field studies, monitor well
installations, laboratory testing, recommendations regarding contaminations of landfills,
underground storage tanks, remediations, and permitting. Mr. Eastwood 1s also a Corrective
Action Project Manager (C.A.P.M.). He is also a Certified Environmental Inspector (C.E.L).

T Geologic fault studies.

PUBLICATIONS

"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 Portland, Oregon,
April, 1980.

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

GEOTECH ENGINEERING AND TESTING




"Geotechnical Considerations in Design of Hazardous Waste Impoundments", presented before
the ASCE Texas Section Spring Meeting in Fort Worth, Texas, March 1982.

"Recommended Homeowner Foundation Maintenance Program For Residential Projects In The
Houston Area", published in April, 1990 Edition of Houston Builder.

D. Eastwood "Geotechnical Guidelines For Design of Residential Projects In The Houston
Area", presented in the Soil-Structure Interaction Seminar, July 1994,

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

D. Eastwood and others "Design of Foundations with Trees in Mind", presented before the
ASCE, Texas Section, Spring Meeting in Houston, April 1997,

D. Eastwood and others "Design of Residential Foundations on Expansive Soils in Texas."
Report developed for the Texas Board of Professional Engineers, March 1998,

D. Eastwood and others “State of Practice for Geotechnical Engineering for Design of Custom
Homes in the Houston Area between 1990 to 2001 Presented before ASCE, Texas Section,
Spring Meeting in Arlington, April 2002,

D. Eastwood and others “Application of the New en, 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 Section, Fall Meeting, Dallas, September 2003.

H. Stephen Tien, Ph.D, P.E. and D. Eastwood, P.E. “Case Studies of Residential Foundation
Movements in Southern Houston Area” Presented before ASCE, Texas Section, 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. Eastwood, PE.

Geotech Engineering and Tesling, Inc.
800 Victoria Drive

Houston, Texas 77022
713-689-4000

and Richard W. Peverley, PE.

Peverley Engineering, Inc.

7207 Regency Square, Ste. 108
Houston, Texas 77036
713-977-0328

ABSTRACT

A review of the current literature in the Uniled Stales shows there may be an absence of practical
approaches for the design of lightly-loaded structures founded on expansive clay scils where
trees are involved, As aresult, many such struclures which have experienced distress as a result
of the lack of the consideration of the effect of trees in the design of these structures. The authors
of this paper are a parl of a Houslon organization called the Foundation Performance Committee,
One of the activities of this Committee is Ihe investigation of the adverse effect thal the presence
and/or the removal of trees can have on lightly-loaded structures. This paper includes the resulls
of this aclivity, and also includes the resulls of a lilerature survey, a review of the failures of some
foundations whose cause has been atlnibuted to the presence of andfor the removal of irees,
design recommendations. and repairs where irees have been identified as the primary cause.

INTRODUCTION

A significant number of residential buildings were con-
structed in the greater Houston are in the 1950 through
1970 time periods. Many of these bulldings were founded
on expansive soils and on building lots, which were void
of vegetation. Trees were then planted after these build-
ing were sold and eveniually the trees malured and caused
foundation failure to occur. Comective measures gener-
ally included the underpinning of the foundation perim-
eler beam using drilled piers and later pressed piles, When
piers were used, this approach had, al best, a limited de-
gree of success. The type of failure mode, wherehy trees
cause the seftlement of the perimeter of residential, and
other low-rise buildings, has received asignificant amount
of publicity in recenl times and, as a result, home own-
ers, building remodeling conlraclors, home builders, elc.
have become aware of (his problem. From this, an enlire
industry has grown which provides measures to control
this problem.

Some notice of the manner in which trees can produce
downward deflections in residential slab-on-ground foun-
dations began to appear in the early 1970's. For example,
in 1972, Davis"" summarized existing papers which indi-
cated that near-by frees could adversely afiect founda-
lion performance. Davis and Tucker® published a Tech-

Presented at the Spring Session of the Texas Section of ASCE

nical Note which provided dala which showed that Post
Oak trees located South of Ardington, Texas, incurred ver-
fical movements varying from 1.2 inches to 3.4 inches
between the end of the summer months and the end of
the winter months. The University of Texas at Adington
conducted an investigation of 69 abandoned residential
buildings which were founded on clay soils and reported,
among other things, that the exiraction of moisture from
the soil through the roots of trees, caused moderate to
severe deflections in foundations.™ In 1974, Buckley
presented data which showed damage to foundations
caused by trees. Kramer and Kozlowski® identified the
comparatively high transpiration rales of some trees In
1960. In 1987, Peverley and Hanys®™ provided mea-
sured deflections in a residential foundation which had
been produced by near-by trees.

The manner in which trees can cause downward deflec-
tions in residential slab-on-ground foundations has, there-
fore, been well documented. Simply stated, in order 1o
satisty their need for soil water, trees can desiccate the
s0il upon which the outer edge of a foundation rests, re-
sulting in the shrinkage of the soil with the attendant loss
of soil support. Foundation distress atiributable to such
causes have occurred wilh such regularity in the greater
Houslon area as io have caused a major alteration to the
fundamenial foundation design and construction concepts



with were in effect for years. Nol as well underslood,
however, are the adverse effects that the removal of large
rees can have on reconstrucled foundations, even where
they are resting on drilled piers, Equally misunderstood
is the relationship between tree root growth and under-
slab sewer leaks.

The purposs of this paper is to explore the adverse &f-
fecls that trees can have on residential foundation perfor-
mance based on the experience of others as documenled
in the lileralure, based on the personal experience of the
* authors, and based on an accumulation of information
form the Foundation Performance Commitlea, This pa-
per will be presented in the thres following basic parts;
foundation edge settlement produced by soil shrinkage,
foundation edge heaving caused by soil sweliing, and foun-
dation center setilement caused by the inleraction be-
tween lree roots and under-glab sewer leaks. The me-
chanics of such conditions along with proposed cormrec-
tive measures will be discussed. Examples will be pre-
sented.

SOIL MECHANICS AS AFFECTED BY TREES

THE PHYSIOLOGY OF TREES

Trees have long been considered lo be a benefil to man-
kind. Trees have been writlen about as many as 4000
years ago.™ Trees absorb heal as they lransporale, pro-
vide shade, and reduce solar radiation. They enhance
gir purification, aid in the conlrol of erosion, and can, loa
limited degree, provide some noise reduclion benefits.
Perhaps their most appreciated benefit is their ability to
enhance the beauty of the surrounding landscape. One
can appreciale the beauty of old oaks whosse branches
provide an umbrella for many of the roads in the old South
or whose sculplure enhances the skyling of the Pacific
Coasl,

Trees do have their downside. Their limbs fall injuring
property and people. In the Gulf coast, pecple have been
injured or killed by falling trees. Tree rools clog sewers
and break sidewalks. Trees can also increase the ozane
content of the air, damage eleclrical power lines, and in-
. terfere wilh UHF reception. Perhaps the highest cost of
treesis In their damage lo residential foundations. In 1973,
Jones and Holtz ® estimated the annual cost of expan-
sive soils in the US to be 2.2 billion dollars. In 1982,
Peverley & Hanys ™ estimaled the cost lo repair only those
residential foundations in the greater Houslon, Texas real

astale market for a 6-month period of time 1o be in ex-
cess of 28.5 million dollars. If one were lo conservalively
astimale thal only 50% of these foundation fallures wera
caused by trees, the cosls would be r::lwinus?y BNOrmMous.

Trees are lhe larges! plants in the world.® Trees can
generally be classified as needle-leaf or broad leaf (de-
ciduous). The essential parls of a tree are the crown, the
trunk, and the rools. The crown contains the leaves, which
essentially absorbs sunlight and converisitinlo food. The
roots are the faslest growing part of a tree. They collect
waler and transport it through the trunk fo the leaves in
the form of sap. The trunk provides the lransporting
mechanism between the leaves and the roots and is made
up of the heartwood in the center, the cambium layer al
the outer edge of the frunk, and the bark, which provides
the primary protection. Roots grow only as fast as lhey

+ gre provided energy from lhe leaves. The ree syslem

consists of the circulation of water from the roots upward
through their trunk in the form of sap. When the sap
reaches a leaf, the waler evaporales into the air. The
sap brings mineral salls from the earth o the leaves. The
chloraphyll in the leaves acts with sunlighl to convert the
salls into food through photosynthesis. This food then
fiows back into the tree syslem through paths just below
the bark. Itis this system which makes a tree live.

In engineering terms, we are primarily concerned with the
term evapotransporation; i.e., the withdrawal of moisture
from the soil and its eventual transporation into the atmo-
sphere. Atlempls have been made to quanlify this lerm;
however, the resulls have nol always been uniformly ac-
cepled in the engineering/ arborist communities, prima-
rily because of the inability lo accuralely measure the
moisture lossfreplacements in the soil under most trees.
Driscoll™ presanted a ranking of trees in lerms of their
damage potential. A modified copy of this ranking is con-
tained in Table 1.1

In the greater Houslon area, we do not have an abun-
dance of Poplar trees; however, there well may be more
Oak trees than any others. Also conlained in this docu-
menl is an example of seasonal moisture content varia-
tions, which is shown in Figure 1. Of interest is the iden-
lificalion of a zone of permanenl moisture deficiency. This
concept was further explored by Biddle!™ who measured
the soil moisture content in the close proximity of various
kinds of trees which were growing in a variely of clay
soils, all of which wara in England. A combined moisture
reduction/moisture deficil curve for a Poplar tree growing



Table 1. Risk of damage by differenl varieties of tree

Rarking Specias Maximum height of | Separation between Minimum recommended separation

tree (H): matres traa and building for in shrinkabla clay: melres
75% of cases; metres

1 Oak 16-23 13 1H

2 Poplar 24 15 1H

3 Lima 16-24 ] 0.5H

4 Common Ash 23 10 05H

5 Flang 2530 15 0.5H

] Willow 15 11 1H

7 Elm 20-25 12 0.5H

B Hawthom 10 7 0.5H

g Maple/ Sycamore 17-24 g 0.5H

10 Cherry/Flum 8 & 1H

11 Beech 20 g 0.5H !

12 Birch 12-14 7 0.5H

13 White Bear/ Rowan | 8-12 J 1H

14 3.

Figure 1. Seasonal varialion in moisture content with and with-
out lrees

in a Bolder Clay (Pl = 29%) is shown in Figure 2. The
moisture deficit curves are caleulaled by mulliplying the
change in moisture content by the appropriale layer thick-
ness, In reviewing this curve, it is significant that it does
represent the most severe condilion for a tree which has
been judged to be of a lesser threal than would be an
Oak trea growing in a soil whose Plaslicity Index is less
than some of the major areas in the grealer Houslon,
Texas area. The availability of such dala in England has
had significant Impacls on the construction business,
Whereas it was considered to ba impractical to plant any
Iree closer to a foundation than ils ultimate height, these
dala do provide some bases for the planting of cerlain

Figure 2 An example of soil moisture and soil moisture deficit
reduction curves for popular trees on a bolder clay soil in
London, England

trees closer to buildings, assuming the data provided for
these curves are considered. They also demonstrate the
folly of simply removing existing trees in expansive soils
for tha construction of a new residential structure.

WHAT CAUSES EXPANSIVE SOILS TO SHRINK CR
SWELL

As clay particles are formed, there are usually several
poinls in the particle arrangement where there is an elec-
trical imbalance; the eleclrical imbalance is increased
whenever a "string” of clay particles i broken apart. Thus,



the result is that a clay parlicle typically has a negalive
nel electrical charge on its surface. Since nature likes all
things to be balanced, whenever a waler molecule drifis
close enough to the surface of a clay particle, the nega-
tively charged surface of the clay particle causes the posi-
live end of the waler molecule to lurn loward the particle.
If il is close enough lo the particle, the waler molecule is
alfracted to the clay particle surface sufficiently slirongly
thal the waler molecule becomes lrapped. Also, unal-
tached or "free” posilively charged particles, called “cal-
ions", tend lo acquire a spherical-shaped arrangement of
water molecules which have their negative ends direcled
loward the posilively charged calion (and their positive
ends directed away from the cation). When lhe free cal-
ion is *captured", waler molecules approach a clay par-
ticle. The atiraclion between the negatively charged clay
pariicle surface and the positively charged oulside of the
calion sphere of waler molecules causes the calion to be
‘caplured® by the clay pariide, thus increasing the amount
of waler associated with lhe clay particle.

Clay particles are very small. A typical kaclinile parlicle
might have a lotal surface area (lop, botlom and edges)
of approximately 1 x 10-5 mm? (1 x 10-10 12, or
0.0000000001 f1). As areas go, this is very small.
Smectite particles have a diameter that is 100 to 1,000
times smaller than kaolinile parlicles and a thickness thal
is 10 lo 400 times thinner than kaclinite™ and, conss-
quently, typically have a larger surface area per particle.
Thus, a single pound of montmarillonile particles would
have anincredible lolal surface area of approximately 800
acres (325 heclares) ™ with which lo atiract waler,

Thus, expansive soils are very small in size and have a
large surface area lhal atlracts free waler. Because of
thess characlerislics, it is easy lo see why il is said thal
expansive soils are those clays thal exhibil an exireme
change in volume.

Soil suction is a measure of free energy of the pore-waler
or lension stress exerled on the pore-water by soil ma-
Irix. Soil suclion is, in praclical terms, a measure of the
affinity of the soils to relain waler and can provide infor-
malion on soil paramelers thal are influsnced by soil wa-
ter; 8.g., volume change, deformalion, and strength char-
acterislics of soil. The soil suclion is measured using the
filler paper method in accordance with ASTM D-5298.

The =il suction is divided inlo two components; Matrix
suction and osmolic suction. The malrix suclion is lhe

negalive pressure (expressed as a posilive value) rela-
tive lo ambient atmospheric pressure on soil waler, to
which solution idenlical in composition with the soil waler
must be subjected in order lo be in equilibrium through a
porous permeable wall with soil waler; pressure equiva-
lent lo permeable wall with the soll water; and pressure
equivalent lo lhal measured by tesl methods D2325 and
D3152.

The osmotic suclion is the negalive pressure fo which a
pool of pure waler must be subjected in order 1o be in
equilibrium through a semi-permeable membrane wilh a
pool containing a solution identical in composition with
soil waler; decrease In relative humidity due lo the pres-
sure of dissolved salls in pore-waler.

FOUNDATIONS AND RISKS

Many lighlly loaded foundations are designed and con-
structed on the basis of economics, risks, soil type, foun-
dation shape and structural loading. Many times, due to
economic considerations, higher risks are accepled in
foundation design. Most of the time, the foundation types
are selected by the owner/bulilder, ele. It should be noled
thal some levels of risk are associated with all types of
foundations and there is no such thing as a zero risk foun-
dation. All of these foundations must be siiffened in the
areas where expansive soils are present and trees have
been removed prior lo construction. The foundation types
typically used in the area with increasing levels of risk
and decreasing levels of cosl are discussed in Table I,

The above recommendalions, with respect lo the best
foundation types and risks, are very general. The best
type of foundalion may vary as a funclion of structural
loading and soil lypes. For example, in some cases, a
fioaling slab foundalion may perform betier than a drilled
fooling type foundation.

FOUNDATION PROBLEMS CAUSED BY TREES

FOUNDATION SETTLEMENT PRODUCED BY SOIL
SHRINKAGE

Several authors as far back as 1960 have documented
this type of distress.®' Buckley™ proposed thal trees
be placed no closer fo a residential foundation than ils
ultimale height The basis for this recommendalion is
contained in Figure 3. Il was nol, however, widely recog-
nized by the designers and conslruclors of the millions of




Table I,

Shuctural Sksb with Piers

This type of foundation {which also includes a pier and bearm
founciation with a crawl space] is considered 1o be a minimum risk
foundation. A minimum crawl space of six-inches or larger is
required, Using this foundation, the floor slabs are nol in contact
with the subgrade soils. This type of foundalion is particularly
suifed for the area whare expansive sodls ae present and whese
¥ees have been ramoved prior to construction, The drilled
foatings must be placed below the potential active zone to
minimize polential drilled looting upheaval due to expansive clays.
In the areas where non-expansive solls are presenl, spread
footings can be used inslead of dilled footings.

Slab-On-Fill-Foundation Supporied on Piers

This foundation system is also suited for the area whese expansive
soils are present, This syslem has some risks with respect to
foundation distress and movements, where expansive scils are
present. However, if positive drainage and vegelation confrol are
provided, this type of foundation should perform satisfaclorily. The
fill thickness is evalualed such thal once il is combined environmen-
tal condiions (pasitive drainage, vegelation conbrol) the polential
verfical rise will be minimum.  The stuchural loads can also be
supported on spread foolings, if expansive solls are nol present

Floafing (Stiflened) Slab Supported on Fiers. The Slab can
either be Conventionally-Reinforced or Post-Tensioned.

. The rick on fhis type of foundation syslem can be reduced sizahly

if it i buillt and maintained with posifive drainage and vegetation
control. Due o presence of piers, the slab can move up il
expansive soills are present, bul nol down. In this case, the sleel
from the drilled piers should nol be doweled inlo the grade beams.
The structural loads can also be supporled on spread lootings if
expansive soils are nol presenl.

Floating Slab Foundation [Conventially-Reinforced or Post:
Tensloned Slab)

The risk on this type of foundation can be reduced significantly ifil
is built and maintained with positive dralnage and vegelation
conbol. Mo piers are used in this type of foundation. Many of the
lightly-loaded structres in the state of Texas are buill on this typs
of foundation and are performing satisfactorily. In the area where
trees have been removed prior to construction and where
expansive clay= exist, these foundations must be significantly
stiflened to minimize the polential differential movements as a
resull of subsoil heave due fo ree removal.

homes buill on concrete slab-on-ground foundations in
the 1850 time period. In Houston, Texas, as an example,
the post World War Il building boom included upwards of
100,000 homes construcled in the Southwest parl of the
City, where the soils were typically very expansive. In
most cases, these homes were initially constructed in
subdivisions outside of the City limils, but were laler an-
nexed by the City. Thus, no building codes were applied.
Since this real estale was largely farm land which was
harren of lrees, one of the things that were done by indl-
vidual homeowners (and even some subdivision devel-
opers) was lo planl trees in the yard close lo the founda-
tion. Trees such as Oaks, China Berry, and Pecan were
popular because they were hardy. When the trees en-
{ored inlo their period of major growth, their waler de-
mands steadily increased and foundation problems be-
gan.

Studies™ have shown that when a slab Is placed on
ground, evaporation of soil moisture is relarded. If the
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Figure 3, A curve of foundation vertical movement versus free
height

e0il is desiccaled at the ime of construction, moisture
will move loward the cenler of the slab and is going 1o be

higher than al the edge. Trees use soil moisture for growth.
Therefors, during wel periods, sufficient supply of mais-



ture is available for rea growlh and soil maoislure con-
lenls may not be substantially aflecled by vegetation.
During dry summer months, when evaporation rates are
high, the trees will oblain large quaniities of moisture from
already dry soils, If these trees are localed in close prox-
imity to lightly-loaded struciures such as houses, their
rool system will move toward the structures, in an attempt
lo find a moisture supply, Iftrees are too closa lo a houss,
desicoalion of the soils below the slab may occur, caus-
ing setlement of the slab,

COWTOURS AFTER THE
POLMCATION REFAR RDOT

s |
)\

Figure 4 An example of failure of a foundation as a result of
the depletion of moisture at the edges because of trees,
Measurements were taken afler pier Insiallation and after rool
barrier installation

Figure 4 shows an example of a home localed in the
Southwest parl of Houslon, Texas, whosa slab-on-ground
foundation was underpinned using drilled piers. During
the 1988 to 1990 drought, the foundation incurred addi-
tional defiections. Al our suggeslion, a root barrier, com-
bined with an automatically acluated soaker system was
applied, and the foundation nol only stabilized, but some
rebound occurred. The example contained in Figure 4 is
nol, unfortunately, an isolaled example. Beller resulls
have been obtained in the recent past using pressed seg-
menled piles and helical piers.!'™ Verlical moislure barri-
ers have enjoyed a very limiled usa.

FOUNDATION EDGE HEAVING CAUSED BY SOIL
SWELLING

To compensale for the selilement of the outer edge of a

. foundation dua to the exlraction of meisture from the soil

through the rools of nearby trees, an accepled preventa-
tive measure was fo place the foundation on top of drilled
piers. Most recently, however, a condition has occurred
where the piers became a detriment. In the Inler parl of
the City of Houston, Texas, there are subdivisions with
comparatively small building lots, which ofien contained
small, older homes, became very desirable because of
their location. In many cases, the lols contained large,
prolific trees, which were removed lo make way for the
construction of larger homes. In many such cases, nath-
ing was done to compensale for the inevitable swelling of
the soils which would occur when the lres, which had
desiccated the soll in its near vicinity, was gone and sail
suction forces moved soil waler inlo the desiccated ar-
eas. Il does nol lake much imaginalion lo invigion the
maod of a homeowner who, in many cases, paid extra
moneys lo have a sturdy foundation constructed only lo
have it begin to move soon after the owner moved in. An
example of such a condition is shown in Figure 5, The
foundation, in this example, was founded on 10-fool deep
drilled piers, which had 42-inch diameter bells thal were
inspected during construction. The pier shafls were tied
to the concrele perimeler beam, The soils had a plasticity
index in the 60% range. A Pecan lree was remova dur-
ing the construction process, or shorlly thereafter. Signs
of foundation induced damage became manifesled within
the firsl year of canstruction and have, in the interim,
worsened sleadily. A literature search failed lo reveal
any docurnented discussion of this phenomenon, not only
in the slate of Texas, bul in the Uniled States, as well.
Such discussions were, however, found in literature from
outside of the Uniled Slates. A listing of such sources is
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Figure 5. An example of a home which had been adversely
effected by the removal of a Pecan tree
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result of the removal of a Poplar tree in London, England

o
Inohua

conlained in the Bibliography Section of this paper. This
gignificance of the tree removal situation is perhaps bast
llustrated in Figure 677, In this case, the remaoval of a
Poplar ree caused over 6 inches of heaving which was
menitored over a 30-year period of time,

Figure 7. An example of a home in Housten, Texas, which had
been construcled on a roadway thal was lined with Post Oak
trees

Figure 7 shows how a residential building was placed on
the edge of a roadway, which, before the time of con-
struction, had Post Oak trees on either side. The remaval
of the trees caused significanl heaving of the foundalion
at the rear of this, and several other buildings, which were
conslrucled along this roadway. We have been able lo
measure heaving in a limited number of cases and the
resulls ara conlained in Figure 8. In comparing our dala
wilh that shown in Figure 9, wa can see that the slope of
our dala is steeper, even though one of the curves seemed
lo level out after 7 years.

As mentioned earlier, ree roots tend to desiccate the soils.
In the event that the tree has been removed prior to build-
ing construction, during the useful life of the structure, or
if a lree dies, subsoil swelling can occur in the expansive
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soll areas for several years. Studies have shown that
this process can lake several years in the area where
highly expansive clays are present. Inthis case, the foun-
dation for the struclure should be designed for the anlici-
pated maximum heave. Furthermare, the drilled foolings,
if used, must ba placed below the zone of influence of
tres rools. This depth should be evalualed as follows:

a) The pier should be placed below the depth of con-
stant suction or the zero movement lina.

b) The pier depth should ba such that it could resist the
uplift loads due to expansive soils that extend along
the shafl perimeter.

c) More extensive soil lests are required. Soil borings
near a tree must be, as a minimum, 25 to 30 fesl
deep. The depth o which tree rool fibers exist must
be determined since they are a basis of identifying
the depth of constanl soil suclion, Potential Verlical
Maovement values should also be calculated.

In the event thal a floaling slab foundalion is used, we
recommend the slab be stiffened to resist the subsail
movements due lo the presence of Irees. In addition, the
area within the tree root zone may have to be chemically
stabilized to reduce the potential movements. Altematively,
the site should be lefl alone for several years so that the
moisture regime in the desiccated areas of the soils (where
tree rools used fo be) become equalized/stabilized to the
surrounding subsoil moisture condiions. The length of
time required for subsoils fo regain their moisture is de-
pendent on the tree species, soil typa and the amount of
rainfall. For mosl rees, one wel season may be enough
for the subsoils lo regain their moislure; however, removal
of frees such as Live Oak, Poplar, etc. may resull in mois-
lure deficils in the soil profile that may require several
years fo stabilize.

Remedial measures lo correct the adverse eflects of this
type of soil heaving are somewhat limited. One method is
lo raise the entire foundation out of the patential vertical
rise of the soil using underpinning lechniques, Soil lest-
ing will generally show the PVM (Potential Vertical Move-
ment) values in the soil where the lrees were remaoved. |t
may then become necessary lo raise the foundation oul
of this zone. An alternalive is lo use a verlical moisture
barrier. A combination of parial underpinning and the
use of meisture barriers may also have to be used lo
slabilize the foundalion syslem.

FOUNDATION CENTER SETTLEMENT

There has baen an ever-increasing problem with regard
to the inleraclion between lrees and foundalion perfor-
mance; i.8., foundation performance induced by under-
slab sawer leaks. Many of the homes construcled in the
1850 time period had cast iron, under-slab sewer pipes
buried in clay soil. Over the past 40 (+) years the effecl of
this unfortunate marriage has produced a proliferation of



under-slab sewer leaks. Sinca most (if not all) of the home
insurance policies allow a homeowner to collect on dam-
ages causad by such leaks, there has been an atlendant
number of such claims filed,

Typically, the insurance carrier hires a plumbing testing
company and an Engineer lo determineg if the leak has
caused any foundalion relaled damage. Itis likewise typi-
cal that this same Engineer will observa thal the founda-
tion has deflected downward in ils cantar section, which
is the oppasile of what one might anlicipate if waler were
lo be induced into expansive soils. Other confradictions
may be observed which included the following:

o The fiming of the damage appeared coincidental o
the occurrence of the sewer leak.

o Therewere plumbing leaks; yel, where soil lests were
conducted, the soils were comparatively dry.

o Thers was always a reasonable degree of correla-
tion between the presence of the sewer leaks and
the points of deflection.

0 Inamagjority of cases, the scils were expansive, the
foundation was construcled on drifled piers or was
underpinned using drilled piers subsequent to the time
of original construction, and there were trees grow-
ing near the foundation which were almost always
mature. ILis a known facl that the water demands of
malure trees tend to stabilize, Could these trees then
suddenly become the source of additional founda-
tion defiections?

o In the 20(+) cases which we examined, the forego-
ing condilicns exisled and the foundation settled in
the center instead of heaving, as was anticipaled.
An example is shown in Figure 9. In this case, the
sewer system could nol be tested since it would hald
no waler.

We are of the opinion that the introduction of the sewer
waler spurred the growth of the tree roots to grow lo-
wards the source.!" " The lree roots then extracled not
only the moisture provided from any sawer leaks which
occurred, but also any moislure which was in tha saoil ba-
fore the leak occurred. The presence of an under-slab
sewer leak then resulted in a net soil moisture loss where
large trees were growing adjacent lo the foundation with

the ultimate result that the foundation subsided inslead
of heaving, as one might anticipate.

This apinion does, of course, involve a number of assump-
tions for which no proof exists. In fact, there is little of no
real proof that any sawer leak did, or did not, cause foun-
dation deflections lo occur. More lesting and study is
required,

CONCLUSIONS AND RECOMMENDATIONS

The design and manufacture of mas! of the material things
we use in our lives js based, to at leas! spme degres, on
soma type of research, Aulomebiles are designed and
extensively lested before they reach the market, manu-
facturers of appliances subject them lo extensive lesling
before new models are put up for szle, new food prod-
ucts must be given extensive tesling, ele. It is then some-
what ignominious that the design and construction of the
fundamental part of what is perhaps the most expensive
investment for most of us is based on litle, if any, currant
research; al least in the United States. Inslead, we tend
to learn in the moslt fundamental, and in the crudest, of
ways - by lrial and error. The cost of this process is born
by the builders, homeowners, and engineers much fo the
delight of many allorneys.

We have, in this paper, pointed oul some of the problems
thal can be caused by our failure lo learn to live with trees
in an urban environment. Although much of this discus-
sion was based on Houston, Texas, experience, this in-
formation certainly applies to much of Texas and to other
parts of the country, as well. All of us who are involved in
the design and construclion of residential and other low-
rise buildings need to be cognizant of thesa problems and
to conduct ourselves accordingly. This may require addi-
tional pre-construction tesling and may necessilale lhe
need for maore expensive designs. Some may say that
our clients may not be willing lo pay the price for such
extra work, So long as there are engineers who are will-
ing lo do cheap work, the prablems wa discussed herein
will recur and we will be lefl to ponder why some people
are more willing to pay their allorneys more than they are
their engineers and or builders.

We have pointed out the need for research. To the best
of our knowledge, the last 2 |arge research studies con-
ducted on residential foundation issues were the BRAB
in the 1960's and lhe University of Texas al Arlington stud-



ies in the 1970's. We do know of some smaller sludies,
which have been conducled al some Universities, but we
believe thal larger studies are neaded nol only on the
issues presented herein bul on sisler issues, as well.
Some of the sludy areas are listed below:

0

A relationship needs to be developed thal would ad-
dress the tree type (species), distance from the foun-
dation, and height of the tree.

Studies similar to those conducled by Biddle should
ba done using lrees more typically found in the Uniled
Stales (Oaks, Pecans, China Berry, elc),in clay soils
and varying weather patlerns thal are typical of this
country.

How lo better design floating slabs that would resist
the effect of trees.

Develop a simple mathematical module that would
relate sewer leaks, ree moislure removal, and cub-
soil movemenls,

Perhaps the information contained herein will help in the
search for research dollars.
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RECOMMENDED HOMEOWNER FOUNDATION

MAINTENANCE PROGRAM FOR RESIDENTIAL PROJECTS
IN THE HOUSTON AREA

BY

DAVID A. EASTWOOD, P.E.

Inradugtion

Performance of residential  structures
depends not only on the proper design and
construction, but also on the proper
foundation maimenance program. Many
residential foundations have experienced
major foundation problems as a result of
owner's neglect or alterations to the initial
design, drainage, or landscaping. This has
resulied in considersble fimancial loss to
the homeowners, builders, and designers in
the form of repairs and litigation.

A properly desipned and  constructed
foundation may still experience distress
from vepetation and expansive soil which
will undergo volume change when correct
driinage is not established or incorrectly
controlled waler source becomes available,

The purpose of this document is to present
recommendations for mainienance  of
properly  designed and  constructed
residential projects in Houston. It is
recommended that the builder submit this
document 10 hisfher client ar the 1ime that
the owner receives delivery of the house.

Tupical Foundations

Foundations for support of residential
structures in the Houston area consist of
pler and beam type foundation, spread
fonting foundation, conventionally
reinforced slab, or a post-tensioned slah.
A soils exploration must be performed
befare a proper foundation system can be
designed,

General Soil Conditions

Varigble subsoil conditions exist in the
Houston Metro area.  Highly expansive
soils cxist in the West University, Bellaire,
Southwest Houston, Clear  Lake,
Friendswood, Missouri City, and First
Colony areas.

Sandy soils with potential for severe
perched water 1able problems as a result of
poor drainage are present in the North and
West Housion, incleding portions of Piney
Point, Hedwig ¥illage, The Woodlands,
Kingwood,  Atascocita,  Cypresswood,
Fuoirfield, e,
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A perched water wble condition can occur
in an area consisiing of surficial silty sands
or clayey sands underlain by impermeable
clays. During the wel (rainy) season, water
can pond om the clays (due to poor
drainape) and create a perched water table
condition. The sands become cxtremely
soft, wet, and losc their load carrying
capacity.

Drainage

The inftial builder/developer site prading
(positive drainage) should be maintained
during the useful life of the residence.  In
general, @ civil engineer develops a
drainage plan for the whole subdivision.
Drainage sewers or other  discharge
channels are designed o accommodate the
water runoff, These paths should be kept
clear of debris such as leaves, gravel, and
trash,

In the areas where expansive soils are
presend, positive  draimage should be
provided away from the foundations,
Changes in moisture comenl of expansive
soils are the cause of both swelling and
shrinking. Positive drainage should also be
maintained in the areas where sandy soils
are present.

Positive drainoge is extremely important in
minimizing soil-related foumnd ation
problems.

The homeowners berm the flowerbed areas,
creating a dam between the berm and the
foundation, preventing the surface water
from draining away from the structure,
This condition may be visually appealing,
but can cause significam foundation damage
as a result of negative drainage.

The most commonly used technigue for
grading is a positive drainage away from
the structure to promote rapid runoff and o
avold collecting ponded water near the
structure which could migraie down the
soil{foundation imerface. This slope should
be about 3 1o 5 percent within 10-feet of the
Toundation,

Should the owner change the
drainage pattern, he should develop
positive drainage by backfilling near
the grade beams with select fill
compacted 0 90 percent of the
maximum dry density as determined
by ASTM D 698-%1 (standard
procior).

This level of compaction is required
to minimize subprade senlements
near the foundations and the
subsequent ponding of the surface
water, The select fill soils should
consist of silty clays and sandy clays
with liquid limits less than 40 and
plasticity index (P1) berween 10 and
20. Bank sand or top soils are nat a
select fill. The vse of Bank sand or
top soils o improve droinage asway
from a house is discouraged;
because, sands are very permeable.
In the event that sands are used W
improve drainage away from the
structure, one should make sure the
clay soils below the sands have a
positive slope (3 - § Percent) away
form the structure, since the clay
soils eontrol the drainage away from
the house,

The author has seen many projects
with an apparent positive drainage;
however, since the drainage was
established with sands on top of the
expansive soils the drainage was not
effective,

Depressions or water caich basin
areas  should be filled with
compacted soil (sandy clays or silty
clays not bank sand} 1w have a
positive slope from the siructure, or
drains should be provided w
promote runofT from the water catch
basin areas, Six 10 twelve inches of
compacied, impervious, nan-
swelling soll placed on the site prior
to construction of the foundation can
improve the necessary grade and
contribute additional uniform
surcharge pressure to reduce uneven
swelling of  underlying  expansive
soil.



Pets (dogs, ctc,) somelimes excavale next (o
the exterior grade beams and created
depressions and low spots in order o stay coal
during the hot season. This condition will
result in ponding of the surface water in the
excavations next (0 the foundation and
subsequent foundation movements.  These
movements can be in the form of uplift in the
area with expansive soils and seitlement In the
areas with sandy soils. It is recommended as o
part of the foundation maintenance program,
the owner backfills all excavations created by
pets next to the foundation with compacted
clay fill.

Grading and drainage should be provided for
structures constructed on slopes, particularly
for slopes greater than 9 percent, to rapidly
drain off water from the cut areas and o avoid
ponding of water in culs or on the uphill side
of the structure. This draimage will also
mimmize scepage through backfills into
adjpcent basement walls.

Subsurface draing may be used 1w control a
rising  water  able, pgroundwater  and
underground streams, and surface  water
pencirating through pervious or fissured and
highly permeable goil. Drzins can help control
the water whle in the expansive soils.

Funthermore, since drains cannot stop  the
migration of molsture through expansive soil
heneath foundations, they will oot prevent
long-term swelling. Maisture barriers can be
placed near the foundstions to minimize
moistere migration under the foundations. The
moistire barrers ghould be at least five-feat
deep in order 10 be effective,

Area draing can be used sround the house 1o
minimize ponding of the surface water next o
the foundations. The area drains should be
checked periodically o assure that they are not

clogged.

The drains should be provided with outlets or
sumps o collect water and pumps 0 expel
water I gravily drainage away from the
foundation 15 not feasible. Sumps should be
located weil away from the struciure.
Drainage should be adequate to prevent any
water from remaining in the drain (i.e., a slope
of at least 1/8 inch per foot of dmin or |
percent should be provided).,

Positive  drainage should be  established
underneath structural slabs with crawl space.
This area should also be properly vemed.
Absence of posinve draingge may resull in
surface water ponding nnd moisure migration
through the slah,  This may result in wood
flowr warping and tile unsticking.

In is recommended that at least six-inches
of clearing be developed berween the
grade and the wall siding. This will
minimize surface water entry between
the foundation and the wall material, in
turn minimizing wood decay.

Poor drainage al residential projects in
Morth and West Houston can result in
saturation of the surficial sands and
development of a perched water table.
The sands, once saturated, can lose their
load carrying capacity. This can result
in foundation setlements and bearing
capecity failures. Foundations in these
areas  should be designed assuming
saturated subsoll conditions.

In general, roof drainage sysiems, such
25 putters or ruin dispenser devices, are
recommended all around the roof linc
when gutters and downspouts should be
unobstructed by leaves and tree limbs,
In the arca where expansive soils are
present, the gutters should be connected
w flexible pipe extensions so that the
roof water & drained at least 10-feel
gway from the foundations. Preferably
the pipes should direct the water 10 the
storm sewers, In the areas where sandy
soils are present, the gutters should drain
the roof water at least five-feel away
from the foundations.

If a roof drainage system is not installed,
rzin-water will drip over the caves and
fall next 10 the foundations resulting in
subgrade soil erosion, and creating
depression in the soil mass, which may
allowr the water 1o seep directly under the
foundation and foor slabs.

The home owner must pay ipecial
atiention o leaky pools and plumbing.
In the event that the water bill goes up
suddenly without any apparent reason,
the owner should check for a plumbing
leak,

The introduction of water to expansive
soils can couse significant  subsoil
movements, The introduction of water
10 sandy soils can result in reduction in
sofl bearing copucity and  subsequent
sefilement. The home owner should also
be aware of water coming from the air
conditioning drain lines. The amount of
water from the condensating air
conditioning drain  lincs can  be
sipmificant and can result in Jocalized
swelling  in the soils, resulting  in
foundation distress.
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Landscaping

General. A house with the proper foundation and
drainage can stilll experience distress if the
homeowner does not properly landscape and
maintzin his property. One of the most critical
aspects  of londscaping  is  the cominual
maintenance of properly designed slopes.

Installing flower beds or shrubs next to the
foundation and keeping the arca flooded will
result in a net increase in soil expansion in the
expansive soil areas. The expansion will ocour at
the foundation perimeter. It is recommended that
initial landscaping be done on all sides, and that
drainage away from the foundation should be
provided and maintained. Partial landscaping on
one side of the house may result in swelling on
the landscaping side of the house and resuling
differential swell of foundation and structural
disress in a form of brick cracking,
windows/door sticking, and slab cracking.

Landscaping in areas where sandy, non-expansive
soils are present, with flowers and shrubs should
not pose a major problem next o the foundations.
This condition assumes that the foundations ate
designed for sslurated soil conditions. Major
foundation problems can occur if the planter areas
are saturated as the foundations are not designed
for saturated (perched water table) conditions.
The problems can occur in a form of foundation
settlement, brick cracking, et

Sprinkler Sysiems. Sprinkler systems can be used
in the areas where cxpansive soils arc present,
provided the sprinkler sysiem is placed all around
the house to provide a uniform moisture condition
throughout the year.

The use of a sprinkler system in pans of Houston
where sandy soils are presemt should not pose any
problems, provided the foundarions are designed
for sarated subsoil conditions with positive
drainage away from the structare,

The excavations for the sprinkler system lines, in
the areas where expansive soils are present,
should be backfilled with impermeable clays.
Bank sands or top soil should mot he used as
backfill.  These soils should be properly
compacted to minimize water flow im0 the
excavation trench  and  seeping  under the
foundaions, resulting in foundation and struciural
distress.

The sprinkler system must be checked for leakage
a least once a month. Significant foundation
movements can occur if the expansive soils under
the foundations are exposed o a source of free
water,

The homeowner should also be aware of damage
that leaking plumbing or underground utilities can
cause, if they are allowed o continue leaking and
providing the expansive soils with the source of
watcr.




Effect of Trees. The prescnce of trees near a
residence is considered w be 3 potential
contributing factor to the foundation distress.
Cur experience shows that the presence or
removal of large trees In close proximity to
residential structures can cavse  foundation
distress. This problem is aggravated by cyclic
wet and dry seasons in the ares.  Foundation
damage of residential siructures causcd by the
adjacent  wrees  indicates  that  foundation
movements of as much as 3- to 5-inches can be
experienced in close proximity to residential
foundations,

This condition will be morc severe in the
periods of extreme drought. Sometimes the
root system of trees such as willow, clm, or
oak ean physically move foundations and walls
and cause considerable structural damage.
Root barriers can be installed near the exterior
grade beams 10 a minimum depth of 60-inches,
if trees are left in place in close proximity 1o
foundations. Tt is recommended that trees not
be plamed closer than half the canopy diameter
of the muture tree, (ypleally 20-feet from
foundations.  Any trees in closer proximity
should be thoroughly soaked at least 1wice a
week during hot summer months, and once a
week in periods of low minfall. Mare frequent
tree walering may be required.

Tree roots tend 1o desiceate the soils. In the
event that the tree has been removed prior 1o
house construction, during the useful life of the
house, or il wee dies, subsoil swelling can
occur for several years. Studies have shown
that this process can last as much as 20 years
in the wren where highly expansive clays are
present,  In the areas where sandy soils are
present this process does nol occur.

In thiz case the foundation for the house should
be designed for the anticipated maximum
heave.  Alernatively, the site should be lefi
alone for several vears so that the moisture
regime in the desiccated area of the soils
(where roots  wsed 10 be)  become
equal/stabilized to the surrounding subsoil
conditions.

Tree remaval can be safe provided the tree is
ne alder than any part of the house, since the
subsequent  heave can  only  return  the
foundation o its original level. In most cases
there i€ no advantage 1o a staged reduction in
the size of e rree and the trec should be
completely removed at the earliest oppaniunity,
The arcas where expansive soils exist and
where the (ree is ofder than the house, or there
aré more recent extensions o the house, it s
not advisable o remove the iree because the
danger of inducing damaging heave; unless the
foundation is designed for the wial computed
expected heave.

In the areas where non-expansive soils are
present, no significant foundation distress will
occur as a reselr of the tree remaval.

In the areas where too muoch heéive cin
occur with tree removal, some kind of

_pruning, such as crown thinning, crown

reduction  of  pollarding  should e
considered,  Pollarding, in which most
of the branches are removed and the
height of the main trunk is reduced, is
often mistakenly specified, hecause most
published advice links the height of the
tree to the likelihood of damage. In fact
the leal area is the imporant fagtor,
Crown thinning or crown reduction, in
which some branches are removed or
shoriened, i8  therefore  generally
preferable 10 pollanding. The pruning
should be done in such a way as (o
minimize the future growth of the tree,
without leaving it vulnerable to discase
{as pollarding often does) while
maintaining its shape. This should be
done only by a reputable tree surgeon or
qualified comractor working under the
instructions of an arbor colturist.

You may find theré is opposition 1o the
removal or reduction of an offending
tree; for example, it may belong 1o a
neighbor or the local authosity, or have a
Tree Preservalion Order on it. In such
cases there are other technigues that can
be used from within your own properey,

One option is root pruning, which is
wsually performed by excavating a trench
between the iree and the damaged
property deep enough to cut most of the
roots. The trench should not be so close
tor the tree that it jeopardizes its stability.
In time, the tree will grow new roots o
replace those that are cut; however, in
the shom term there will be some
recovery as the degree of desiccation in
the =oil under the foundations reduces.

Where the damage has only appeared in
a period of dry weather, a rern @
normal weather paltern may  prevent
further damage occurring. Permission
from the local awhority is required
before pruning the roots of a tree with
preservation order on it.

Root barriers are a variant of root
pruning.  However, instead of simply
filling the trench with soil after cutting
the roots, the trench is either filled with
concrete or lmed with an impermeable
layer o form a “permanent” barcier 0
the roots,  Whether the barrier will be
truly permanent I5 questionable, because
the roocis may be able to grow round or
under the trench. However, the barrier
should at least increase the time it takes
for the roots to grow back.

weess (G EOTECH ENGINEERING AND TESTING

Foundations/Flat Works

Every homeowner should condect a  yearly
obscrvation of foundations and flai works and
perform any maintenance necessary 1o improve
drainage aewd minimize infiltrations of water from
rain and lawn watering.  This is imponant
especially during the Tirst 'six years of a newly
buill home because this is usually the time of the
most  severe adjustment between the  new
comstruction  and  jis environmeni. We
recommend that all of the separations in the fat
waork and paving joints be immediaely backfilled
with joint sealer to minimize surface water
intrusion and subsequent shrink/swell.

Some cracking may occur in the foundations. For
example, most concrete slabs can develop hairline
cracks, This does not mean that the foundation
has failed. All cracks should be cleansd up of
debris as soon as possible. The cracks should be
backfilled with high-strength cpoxy glue or
similar materials. If a foundation experiences
significant separations, movements,, cracking, the
owner must contact the builder and the engineer
to find out whe reason(s) for the foundation
distress and develop remedial  measures o
minimize foundation problems,

wordadmnistrative'foundation
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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 H0)
100.000 Kilopascals (kPa)

1.0 x 106 Dynes/square centimeter (dynes/cm?2)

1 Atm 1.013 Bars

14.695 psi
1,033.296 cm Hy0
101.325 kPa

1.013 x 108 dyne/cm?2

1cm H0= 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

6.895 x 10-2 Bar
6.805 x 10-2 Atm
70.314 cm H30

6.895 kPa

6.895 x 104 dyne/cm2

1 psi

1 kPa 1.000 x 10-2 Bars
9.869 x 10-3 Atm
0.145 psi

10.198 cm H»0

1.000 x 10-4 dyne/cmz2

325






Indirect Measurement of Soil Suction

R. BULUT! and E.C. LEONG®
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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 technigue 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 (KCI) 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 25°C (from Hamer and Wu, 1972; Bulut et al., 2001).

Molality Osmotic Osmotic Suction | Molality Osmotic Osmotic Suction
(m) Coefficient (kPa) (m) Coefficient (kPa)

(9) (9)
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 + 0.5°C (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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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 um 30 kPa to 300 kPa
Millipore MF 0.05 um 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 +0.1°C 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 +1°C 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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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 20°C 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 Suction Equilibration | Source/
Component Range (kPa) | Time Manufacturer
Primary Thermocouple Total Suction 300 - 7000 1 hour Wescor: www.wescor.com
Psychrometer Campbell Scientific:
www.campbellsci.com
Transistor Total Suction 100 — 10000 | 1 hour Soil Mechanics
Psychrometer Instrumentation:

WWW.Smi-unsat.com

Chilled-Mirror Total Suction 500 — 30000 | 10 minutes Decagon Devices:
Psychrometer (or higher) www.decagon.com

Secondary | The Filter Paper | Total/Matric 50 — 30000 5to 14 days | Whatman: www.whatman.com

Method Suction (or higher) Schleicher & Schuell:
www.schleicher-schuell.com

Tertiary Thermal Matric Suction | 1 - 1500 hours to Campbell Scientific:
Conductivity days www.campbellsci.com
Sensor GCTS: www.gcts.com
Electrical Matric Suction | 50 — 1500 6 to 50 hours | Soil Moisture Equipment:
Conductivity www.soilmoisture.com
Sensor

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: O caicuio de estruturas de
engenharia em solos expansivos deve ser
realizado com base em andlise racional dos
movimentos e tensdes a que estardo sujeitas
durante a vida util. Perfis de suc¢ido podem ser
utilizados para determinar a profundidade da
zona ativa de humidade dependendo se o clima
é de semi-drido a humido ou mais seco.
Solugdes sfeady 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), retaining walls,
pipelines, canals, slopes, moisture barriers,

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¢do e os niveis de coniroie da sucgdo no
topo e fundo da zona de humidade ativa sdo
apresentados. Movimento vertical e pressdo
lateral podem ser determinados a partir das
mudangas em sucgdo previstas.  Downhill
creep pode ser medido a partir das

- propriedades viscoelasticas 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

landfill covers and liners, rehabilitation follows:
Engineering Structurea : Performance Criteria
Foundations - slab : Differential movement: vertical and lateral and allowable stresses
mat : Differential movement and allowable stresses
pier : Total vertical and lateral movement; lateral pressure; allowable stresses
Pavements - Highway : Roughness spectrum, International Roughness Index
Airport : Roughness spectrum, Pilot and Passenger acceleration
Retaining Walls Lateral pressure and movement, allowable stresses
Pipelines Roughness spectrum, allowable stress, fatigue criteria, corrosion
Slopes Downhill movement, shallow slope failure, slope stability
Canals Combination of the performance criteria of retaining walls, pipelines, and slopes;
thermal and shrinkage cracking; permeability of the cracks and joints
Moisture Barriers Reduction of the movement of water in the soil and of total vertical movement
Land Fill Covers and Liners Moisture and leachate transmission (including the effects of cracks)
Rehabilitation Structures - Piers : same as piers (above)
Moisture Barriers : same as moisture barriers (above)
Root Barriers  : 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 10° 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 mm or 3.5 on the log mm
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 - mm 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 - mm 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 immediately above such a
permanent water table, the suction will never
drop below 31 kPa (3.5 on the log - mm 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
EXPANSIVE 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 both to
cyclic and steady suction at the boundary
6. Trees
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 formed the basis for a relation between
total stress, o, and moisture stress, u,, in the

presence of an air pressure, u,. 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

Figure I. Free Body Diagram

being in tension with a stress of u,-u,, a contact
force between spheres of N, and a total stress of
o 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, B. The equation of vertical equilibrium
of the sphere is:

2 nT
L R CAT P LN (A R PN i/
4,2 4 r 2r r

where &’ = the “effective” stress
o, u,, u,= total stress, air pressure and
stress in the water

1

T, = surface tension
r,r, = radii of the sphere and of the
water film

and the equation of vertical equilibrium of the
water film is:
(l1-cosP)(1-sinP) (u-u,)

T,(1-sinf) = r cosP

@
with a wetting angle, a, of zero degrees the
equation relating the effective stress, ©’



(=N/4r%), to the total stress (c-u,) and the
moisture stress (u,-u,) uses a collection of
terms known historically as the x-factor

_ m | 1-cosp
2 cosp
with a non-zero wetting angle, the equation for
the y-factor is:

y = n [ sin®(e+f) +2cosp ~ 2sin(a+P)sine -cos”B -cos’

4
The following table shows the relation between
the central angle,  and the -factor for wetting
angles of zero degrees and 20 degrees.

Central x-factor x-factor
Angle,
B o=0° o=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 y-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 y-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 y-
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, 0, to a value of 1.0. The
transition occurs between the suction values of
+310kPa (4.5 on the log - mm scale) and +10
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, o, in
accordance with the relation:

Ao =0f |AA -

(3)

cos* (e +P) (4)

where 0 = the volumetric water
content
f = afunction of volumetric water

content which varies from 1.0
at a suction level of -310 kPa
to a value of 1/0 at a suction
level of 10 kPa
Ao, | Ah|= 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
Change

Equation of Volume

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

Figure 2. Natural Limiting Volumes in Unsaturated Soils
and Corresponding Stress States.



The suggestion was that some mechanical
stress, o, 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 o, as suction changes

v, +aV, |h|™

1 +al|h|™
(6)
The volume change between V, at a stress level

of o;and V| at a stress level of o is

o, - 0|t

o -0,
V=
o, - 0|%
1 +b
0-o0
Q)
where o = the level of mean principal
stress corresponding to the
volume, V.
o, = thelevel of mean principal

stress required to compress the
soil to a volume equal to the
volume of solids, V|
o; = thelevel of mean principal
stress above which the soil
volume begins to decrease;
measured values of o, are
around 7 - 10 kPa
V, = the column of a soil at zero
suction and under a confining
mean principal stress of G,
which is greater than c,.
| h | = the positive value of suction
a,b = coefficients to be determined
from the measured volume—
suction —mean principal stress
surface
TiYs = coefficient for the volume
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:

[ VO di| - [ Vo =0
h o

(¥
[f 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, . 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, 6, and the function,
f, and the relative sizes of the coefficients v,
and y,.

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

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

1+2K,
o(z) = 3 (Y,2 + surcharge pressure)

)]
where y, = the total unit weight of the soil
z = the depth below the surface
K, = the “atrest” lateral earth

pressure coefficient. It is “at



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

In an expansive soil, the value of K 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 K, 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 K_..

r 2>
K el ﬁ ﬁ‘i a1 |
° 2 o\ k)| A, 2 (10)

where r = theratio of (y,/y,), the volume
change coefficients for suction
and mean principal stress,
respectively
f = the fraction of the total volume
change, Av/v, that is directed
vertically

the initial and current levels of

total suction (mm)

h,, h; = 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 h, and h,
should not be used if the soil
is drying. (Measured in mm)

h, h

o, = the vertical total stress
including overburden and
surcharge

o; = asnoted before, the mean

principal stress level above
which volume change takes
place.

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

f = 0.5 soilisdrying

f=0.8 soil is wetting

These values have been back-calculated from
field observations by McKeen (1981).

K,=0 0soil is dry and cracked

K,="/; soil is dry and cracks are opening
K,="  cracks are closed and suction is in
a steady state condition

K,=?/; cracks are closed and soil is
wetting

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

K,=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 K _-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
Thornthwaite 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 102 mm%/sec and 7.8 x
10" mm?/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 Thornthwaite 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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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 Thornthwaite 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 Thornthwaite 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
log,o/mm)| 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
oisture Index No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7
-46.5 025 0.22 0.19 0.14 0.10 0.09 0.09
-40.0 0.36 0.32 027 020 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
=213 1.40 1.24 1.06 0.84 0.68 0.65 0.62
-113 1.84 1.63 1.40 1.10 091 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 jmm| Total Suction]

The edge moisture variation distance used in
the design of foundations and pavements in the
climatic zones more negative than -10 is
computed with the oscillating suction transient
equation proposed by Mitchell (1980).

u (x,0) = u, +u, exp l—x ﬂ‘ cos|21tnt o
‘J a \] o

where u, = the equilibrium value of
suction expressed on the log
mm suction scale

an




u, = thelog,|mm)| 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
10° seconds)

t = time in seconds

o = the unsaturated soil diffusion
coefficient (ranges between
102 and 10" mm?/sec)

The edge moisture variation distance within
which the total cyclic change of log;,Jmm]| total
suction 1s no more than 0.2. The equation is
given above can be used to solve for the edge
moisture variation distance, e_, and the result is
as follows

2
e =103 | % I n “
'" nT 0.2

where e =
distance in m.

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

(12)
the edge moisture variation

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,
h,, and h, for the energy expression of total,
matric, and osmotic suction in the g -mm/g
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, h,, and h; are preferred
in dealing with moisture flow, and measured in
mm. 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 Sl-units as the log,, mm 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

74 gt 106——
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4 s - 1000——
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Log(suction, cm) Log,,(suction mm)

Along the log,jmm| (pG) scale these are
several important marks for classifying soil
profiles. They are as follows

Moisture Condition log,lmm| (pG)
Field Capacity 30
Clay Wet Limit 35
Wilting Point 5.5
Air Dry 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.



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

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

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.
Soils at or near the surface within
suction ranges of pG 3.5 t0 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.

Soils deeper than 1.0 m with suction
levels greater than pG 5.5 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
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

1.

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.

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:

L.

The first point at which the total suction
does not vary more than 0.08 log,,|mm|
suction units per meter with depth. The
suction level at which this occurs is the
equilibrium suction level.

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

a distance 0.6m below the deepest
recorded root fiber

The first point at which the log,, [mm|
suction begins to be consistently at or
above the wilting point of vegetation.
This point occurs where the log/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 log,, |mm|
suction units of the total suction an the
total suction has become nearly constant
with depth, changing no more than 0.08
log,, Imm]| 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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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

Index with equilibrium

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
log,, |mm| 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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Figure 9. Suction Profile Showing the Total and Matric
Suction Values Converging.

Index with equilibrium suction

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 mm/yr
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 Thornthwaite 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

6, - © ) =
|]'4 =| 4 s m B
6 -6,
(13)
where 0, = saturated volumetric water
content
8, = residual volumetric water
content
6, = 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, 0, from the following equation is
substituted into the above equation to give the
suction-vs-Thornthwaite ~ Moisture  Index
relation in closed form.

6. -6
6 = f dry +0
8 d_-d “
1] + & '
Y
aj L
Tl
(14)
where d,, = the available moisture stored

in the soil profile. This is
normally taken as 300 mm for
most clay soil profiles.
= 0.4949d,, +0.305
= 0.0393d,, +1.357
0.00627 d,,, + 59.536
= the Thomthwaite Moisture
Index + 60
0, = 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, = 0.88 0, approximately for clay
soils
04, = the volumetric water content at
the controlling suction
condition at the ground

—_ < A
I

surface, |hy,|
0 - 6, + 6,
“ 1 + l | h |B
A dry) (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 10° mm or pG of 5.5) or by
evaporation from the soil surface (+9.8 x 10*
kPa or -10" mm or pG of 7.0). The values of 0.,
0,, A, and B define the soil-water characteristic
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 Thornthwaite
Index Range. The available moisture depth,
d,,, 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 6, 6, A, and B used in generating
clay soil-water characteristic curves with
substantial amounts of fine clay content are

6,=0.50

6,=0.04

A=4751f |hl is expressed in mm.

B =0.50

These values, with a controlling dry suction

of +9.8 x 10* kPa ( or -10" mm or a pG 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 the
suction values that are observed at depth in
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 the
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 (1980,
1996) is based upon an edge drying (center lift)
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, -10°° mm, or
pG 5.5) or an evaporative suction (9.8 x 10*
kPa, - 10'mm, 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, -10°° 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 1s

uzt) = u, +ue - u, |erfc d
oo =] [ 2/ai ]
(16)

where u(z,t) = the logarithm of the total
suction in mm at the depth, z
in mm, and at time, t in

seconds.
u(z) = the equilibrium logarithm of
suction in mm at depth, z.
u, = the constant logarithm of
suction in mm at the surface
o = the unsaturated diffusivity in

mm?/s, as defined by Mitchell

(1980). The value of a ranges

between 10" and 10 mm?/s.
The constant evaporation case is

uz ) = u@) *+[u, ~u@ | ek | ==
B mne | [z«a)

—[ua~u‘(z)]e.xp(lz+r2at)erj‘2:

o)

2fat

a7

whereu(z,t) = the logarithm of the total
suction in mm at depth, z, and

time, t.
u(z) = the equilibrium logarithm of
suction in mm at depth, mm.
u, = the logarithm of the suction in
mm in the air above the soil.
r = the film coefficient of vapor

transfer. This was found
experimentally by Mitchell
(1980) to be 0.054 mm™.
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,f) =u(0) +AU§: 8 .

n=1 (2’1_1)27[2
cos[(?n—l)nz " oxp _(2n—1)27c2at}
2 4¢?

(18)

where u,n» = the logarithm of the
equilibrium suction in mm at
the depth of the moisture
active zone.
[ = the depth of the moisture
active zone in mm.
Au = 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, / 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, -10**
mm, or pG 3.5) to the wilting point (+3100
kPa, -10°° 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 1s 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 leve] 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:

ux, z) = —(1;\')1” a ;:vz)q

d+w,, 0-v
E E

v(x, z) = -
(19)

where
u(x, z), v(x, z)

the horizontal and vertical
displacements
the Youngs modulus and
Poisson’s ratio

E, v

and

= 3ax’ + 2bxz + ¢Z?

3ax? + 2bxz + cx? + 6dxz
bx? + 2cxz + 3d2

6axz + bz? + 2cxz + 3dZ.

©v =0T
|

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

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

a—Y'- tan B - tan o
6

(tan o + tan B)?

1

b:T[yl—6a(tanB—tana)]
¢ = -3a tanoa tanf
2
d = tan’p [—y, + 6a (3tana + tan[})]

12 20)

Setting the angle a to equal (B + ©/2) gives a
slope with a slope angle of (n/2 - B). 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:

u(x,z,t) = ! *

E, + E T (1-m) @)™
[-Q +Vv)p+(-V)q]

vix,z 0 = 1 *
E, + E T (U-m) @)™

[~ +v)r+1-v)s]

where

E. E;, m = the coefficients and exponent
of the power law relaxation
modulus of the soil
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.

T (l-m)

@



Figure 11. Configuration for the Downhill Displacement of a Slope
with a Slope Angle of (90-8)°.

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

Y og

6 n’
p=Jf-&
4 IE

2

PRI

2 pd

d=1tg £ (sin*P -3 cos?P)1

12 n3

0 = tan? B

g = sin B cos P

n=sin’> B - cos® B
(22)

The values of E, E,, 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 B + v(x, z, f) 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.

Downhill Movement, mm 30—
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— i E
1 ;
1= E
2 E20-4—
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5 8 *
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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: Eq=37 kPa; E,=3.8 x 10° kPa-(s)™;
m=0.24; v=0.4; y~=18 kN/m®

S. 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. Ifit 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 e, that is used in the design



of slabs-on-ground can be estimated using the
e,-versus-Thornthwaite Moisture Index (TMI)
chart that was published with the Post-
Tensioning Institute design manual (First
Edition, 1980: Second Edition, 1996). These
e,-values were derived by back calculation
from slabs which were performing 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
e, represent a 10-year return period. On the
other hand, another set of e_-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 e 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 e, -values for the
10-year and 50-year return periods to the
design e,value for another return period is
given by

zZ —Z

e =e +(e -e )|
m, My Msy mg _

Z50 210

(24)
The z, scores are computed from the Gumbel
cumulative probability distribution curve.

]
1—l=e %

-
(25)

where r

p,B

= the return period in years
the scale and shape factors for
the Gumbel distribution
Assuming that both p and § equal 1.0 in
Equation (25), and that the 10-year and 50-year
e,-values are 1.37 m and 2.44 m respectively,
the following table gives typical values of e
for a range of return periods.

I

Return
Period,
Years Risk, % Z, €, 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 e -values were used to
construct the table of risk scores and e, -values
for other risk levels. The value of § 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 framework.

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 formulations 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 P 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.
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Estimating Soil Swelling Behavior
Using Soil Classification Properties

Andrew P. Covar', M. ASCE and Robert L. Lyttonz, 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;

P1%
A= (% — 2micron)
, x100
(% — No.200 sieve)
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;
AV h, Oy
—=—v.lo — 1—-v.lo —
v Yh glo[ h, } Yo glo( 5, j

where;



h;, hy are initial and final water potential,

i» ¢ are normal stress terms, and
*pand * 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
% — No0.200 sieve

Yh = Y100|:

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 determinations, 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 form of a relational database
approximately 200 MB in size containing the results of analyses on approximately
130,000 soil samples.




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 Coefficient of linear extensibility
Plasticity index % passing 2 micron
Plastic limit % 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,

B ( y(swellingcase) + y(shrinkingcase))
=
2
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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-LL/%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.

y(shrinkingcase) =|1-

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 usmg low cost and commonly
available soil test procedures.



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, micromechanics, 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.
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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 may 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 of the frequency. Figure
4 shows a typical probability density function of
right and left wheel path wavelengths. These
four figures are typical soil mass properties 6f
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

Affected by Unsaturated Soils.

PAVEMENT USES

MEASURES OF
PERFORMANCE

Airport

" Highway, Road,
Guideway

Amplitude Spectrum
Acceleration
Distress

Amplitude Spectrum

. | International Roughness Index
.| Bump Height

Distress

The important types of unsaturated 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 Speetrum
- of a Pavement on Expansive Soil.

- the properties of unsaturated 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 crack 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 soils are
volume response
deviatoric response
large and small strain properties
resilient dilatancy and
work potential.
Plastlc1ty properties include
. limiting equlhbrlum
tensile, compressive, and shear strength
yield function, and ’
plastic potential for non-associative
permanent dilatancy.
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Figure 2: Fast Fourier Transform Amplitude
versus Frequency Spectrum of a Pavement on
Expansive Soil.

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

macrocracks 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, microcrack,
and intact soil size ranges. The opening of these
cracks has a directly bearing on lateral earth
pressure as well. As a general rle, 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.

Thisisa 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):
_ oF
o, = 0 —— 1)
a(eii)w
where
F, = theHelmholtz free energy in the
water
(€y)y = the strain in the water
0 = volumetric water content
0; = 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,



c, = 6n )
where G, = the stress on the soil mineral
skeleton due to the water

0 = the volumetric water content
h, = the matric suction, a negative

number, corresponding to tensile
stress in the pore water. The
symbol u,, 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 glven by -

Fredlund, et. al. (1978) as

=+ (O—ua)tan¢ +(ua—uw)tan¢b : (3) '

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

Using Lambom’s formulation for moist soils this
becomes

‘s=c'+[(o—u)+9 ]tan¢ C))

since

tand® = Otand’ 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 suction
versus the product of volumetric water content, 0,
and matric suction, h,,, in Figure 5 shows that if
anything, the product |h, 0] 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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Figure 5: Measured versus Predicted Shear
Strength of Soil Due to Matric Suction (Lam,
1980).

bubbles, the tangent of the friction angle due to
mechanical stress is the same as the friction
angle due to matric suction.

tand® = 1.0tand’ (6)

The change of multiplying factor of these
friction angles from 1.0 for wet soils with
occluded bubbles to 0 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).

= fe"f' do = f;. Fima (;’Te) dh_ 0]

m

where

6,,6, = 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.

v respectively _
b,,,h, = the matric suction values at air
' entry and unsaturation,
respectively

[ﬂ] = the slope of the matric suction-

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, h,, is given by
the expressions

(e -e) ife-s,
% = 0 [e,—eu] +E[e,-eu]] ®
and

o, =-h,0 1

" e,-0 of 27611 ©
8-0] |o-8

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:

e.-0) = [™= (;:]dh (10)

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

(6,-8) = [~ [j:)dh an

(e-eu)=L,[;}?]dh (12)

~ The expression for the suction-related
friction angle, tan ¢", is bounded by the product
of Otand 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 entl.re 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 0 and 1, and more
specifically in the transition zone, is bounded
by |h,0] multiplied by the two functions in
brackets in Equations (8) and (9).

3. The suction-related friction angle tan¢® is
equal to tan¢ multiplied by a number
between 0 and 1, and more specifically in the

transition zone, is bounded by Otan¢ -
multiplied by the two functions in bracketsin

Equations (8) and (9).

4.  The functions in brackets will be the same at
a given volumetric water content regardless
of whether the soil is wetting or drying. The
value of matric suction, h,, 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, 0, either with nuclear moisture or
ground penetrating radar equipment will lead
to a lower bound estimate using Lambom’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¢® and tan¢, instead of upper and lower bounds.

This 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:

LYe[ < )5
E = kp| — il (13)
p a p a
where o
I, = the sum of all principal
- mechanical stresses
T« — the octahedral shear stress
p. = atmospheric pressure in the
same units as the resilient
modulus
ki, k,, k; = 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:

. _ b ks
E - km[ﬂ] ["“] (14)
p, P,
where
Oh, = the lower bound term from
Lamborn’s theory
f = the function of volumetric water

content presented in the
previous example development

The value of fis 1 at all water contents
greater than 0,; is equal to O at all water contents
less than O,; 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;, k,,
and k; 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).

IldIl sz
t — =
f 9K 2G
where

K = the bulk modulus
G = the shear modulus

(15)




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

J, = 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 Poisson’s ratio, v, and substituting these into
the elastic work potential equation produces the
following differential equation:

_l+v a(ﬂnE)+l(a_v) L1-2v 3(mE) 28y

I, a1, 1| a 38, 34l

- (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):

+ {_ 15, ﬁ](ﬂ)
3 I,z

2J,

when the soil is unsaturated and suction is present -

in the soil, the term I; in Equation (17) must be
replaced by the term, I, as in Equation (18):

I, = I, -30fh, - (1)

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

‘ - o3 .
=k (u)" + 2?::,)" [-kB,(3,-8) + kB,(B,-8.
(19)
where
W, = P,-37,
« = 1"

— 3
g 2
s - 5
2
Bv(,) = theincomplete Beta function
ks, 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 |, k,, and i for a
variety of base course and subgrade materials
commonly used in Texas are given in Tables 3,
4, and 5(Titus - Glover, 1995). The values ofk;,
k,, and k, 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 of k, 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 as 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 experience tensile stresses while carrying

Table S: Resilient Modulus (Wet of
Optimum)

MATERIAL k, k, k,
Limestone 3,850 043 -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
CL Clay 780 0.10 -0.55
CH Clay 440 0.66 . | -0.17

Table 3: Resilient Modulus (Dry of Optimum)
MATERIAL k, k, k,
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
CL Clay 4,100 0.00 -0.27
CH Clay 200 0.66 -1.47

Table 4: Resilient Modulus (Optimum)
MATERIAL k, k, . k,
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
CL Clay 110 0.32 -0.10
CH Clay 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.

It is the same “resilient dilatancy” that
explains most of the resistance of asphalt
concrete at high temperatures to plastic
deformation 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 develop sufficient
“resilient dilatancy” they will not successfully
resist permanent 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 determining the coefficients k ,, k,,
and k, and the function, £, 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
constructed 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 determines 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, V. Under conditions of zero
suction and infinite mechanical mean principal
stress, the soil volume compresses to the volunie of
the solids alone, V. Under conditions of zero mean
principal stress and infinite suction, the soil volume
compresses to the dry volume, V, in which the dry

LIMITING VOLUMES

Vo (Wet) =wmmmmmmmmmmee
Va(dry) ------------
Vs (solid) ----
Pressure = Max. :
Suction = 0 0 Max

(Compressed) (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 information. -

At a zero mean principal stress level, the
range of suction is between 0 and «, and the
corresponding range of volume is between V, and
V4 The Juarez-Badillo method establishes a
function of volume that has the same limits as
suction. The function is found to be

11
ﬂn"V-n v, -V

o d

(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 (|h| =
0, £ (V) = 0; [h] = e, £ (V) = =) must be

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

proportional to one another. The constant of
proportionality is y;.
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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). Integrating the two
expressions between the limits of (V,, |h| ) and
(V1,] h;|) 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,+aV,|n"
1 +a |b™

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

A

(22)

V, +bV, (o -0o)"
1 +b(c - 01)7"

V =

23)

where



a,b

Yh’ Ya =

= 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

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

av
V

dh, do dn
T YT T @9

This produces the equation
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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 :

= the final and initial osmotic suction
values ’ v

= the gas law constants for volume
change due to changes in matric
suction, mean principal stress, and
osmotic suction. The v, and v,
constants are the same as in the
large strain relation, Equation (23).

related small

approximate strain

formulation is given by taking the logarithm of both
sides of Equation (25) to obtain the following:

relation actually

h o . T
hL:J i L [ é] = Yy logy [ ;f]

(26)
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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, v,
as a consistent material property. A familiar
engineering relation is found from the small
strain formula applied to the pre-consolidated
consolidation curve. ’

CS
Yo = 27
1 +e,
where
C, = thepre-consolidated swelling or
compression index
e, = theinitial 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 vy
- 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
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

_ v .1 (E\|&,
=1 1~v(E)[?J @8)

v

where

k, = the lateral earth pressure
coefficient

E = the Young’s modulus of the
unsaturated soil due to-a change of
mechanical stress

H = the Young’s modulus of the
unsaturated soil due to a change of
suction

h, = the matric suction which remains

unchanged (a negative value)
o, = thestatic 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

m .
— +
vy = _Y_o_ (29)
M
Yo
Kof o,
where m = — 30)
G
K¢ = the final lateral earth pressure
coefficient
G = the shear modulus of the
unsaturated soil
and

a = Ky
1-K,

1-K
1 -~ Y in

2Kof".4

1+ 2Kof
3Kaf

@31)
the asymptote value of shear
stress which is approached by
the hyperbolic shear stress -
shear strain curve. The value of

. T, s estimated by

Tut -

[o (1 +2kK,) ]tand)

(32)

where

h,, = the final matric suction value (a

negative value)

0; = the final volumetric water
content ,
the shear strength function
which is bounded by the
bracketed terms in Equatlon ®) -
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. This is seen
in the following expression for the final lateral
earth pressure coefficient.

Il CRCICILGE
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(33)
where
r = the ratio of Th
Yo
h,, = the initial value of matric
suction (a negative value)
K, = 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 (E/H)
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 (33) 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, v,; and that it depends upon the initial and
final values of the lateral earth coefficient, K ; and
K,;, 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

Il 2 3thm r‘ [Tocl

p, p,
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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.

ky

2 4

Yo

klp a

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 surface 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, ~ Yo = YLVOCOSB (35)
where
Ysv» = the surface energy between the
solid surface and saturated
. vapor
Y. = the surface energy between the
) solid and the liquid
Yve = the surface energy between the
liquid and the saturated vapor -
0 = the contact angle

In a 1971 paper, Zisman (1971) noted that

EXAMPLE: CONSTITUTIVE EQUATIONS

Surface Energies Trve v
apor
Liquid 7Ygp Ysv
— * ~ 0
Solid
Helmbholtz
Freec Energy 'YLVo = (BF / aALVo) T, i
TsL = (aF /aASL) T, i
Ysvo = (@F/9Asvy) T, 1t

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.

oF
Yoo = (6 A ] (36)
SL) 1.,
oF
Ysv, | 34 ) (37)
S¥.) 1w,
- OF |
Yov, = | 34 1)
- Vo) rm, e
where
F = the Helmholtz free energy of the
: system
Ag = the area of the solid-liquid
interface
Agvo the area of the solid-saturated
vapor interface
Arv, 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).

Y = ¥y (39)
where o
y = the surface energy of a liquid or a
solid surface
vV = the apolar surface energy due to
Lifshitz-van der Waals forces
v*® = the polar surface energy which is
made up of Lewis acid-base
interactions
¥? = 2(yf (40)
where
y® = the Lewis acid component
v® = 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

AG, = 2¥5¥Y -2Jveve -2f¥ev: (1)

where :
Ys = the surface energy of the solid
surface
Y. = the surface energy of the liquid
surface.
Table 6: Measured Surface Energies of Soil
Particles and Water.
PARTICLE GEOMETRY SURFACE ENERGIES, mJ/n’ ’
AGGREG SIZE, SSA® r ™ ™ o ©
ATE pm wi
River Sand S00- 0257 1696 . 648 10438 1ne 250.8
River Sand 1000 0639 199.1 646 1345 215 2100
River Sand 125-250 6.168 priR} 0.3 143.0 359 1421
Limestone <3 7033 1347 683 66.4 29 | s
Filler <3
Water - ns ns | sio 35 | 25

What we call matric suction is the product
of AG, and the specific surface area of the
particle to which the fluid is bonded (Marquis,
et. al., 1982). It is instructive to use Equation
(41) together with the values of YV, ¥°, and y°
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 the 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

couLome
" FAILURE SURFACES

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 (Vermeer,
1984; Lade, 1987; and Desai, et. al., 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.

I, = I - 30fh, (18)

This 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 the 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 permit all
measurements of displacement to be made in a part
of the test sample where there is a uniform 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 uniform 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 performance 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 QA/QC
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 thickness, voids, water
content and density.

In pavement applications, the measurement
of total and osmotic suction in base courses and
subgrades can be accomplished 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 creep. In pavements, analysis - for -
design methods are needed for Portland cement
concrete, asphalt concrete, and unpaved roads.

Slab design methods that are needed inélude
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.

071,|

t

Htano <

tand’ 42)

where

= 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 fis 1.0

H

tane =
Ye

0

f

[h,| = the absolute value of the matric
suction
tang’ = 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 corrugations.

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
e  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

e  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 improvements in computers and
instrumentation are  making all of these
developments both possible now and practical in
the near future.
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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

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.

15202530, .35 40 45 50556065 5202530 35.4.0-'5“.5.50 B5 60 ,55
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2005

190

Test Pressure | Volume N
No. kPa Strain d, c Cr
1 46.0 0225 0.033 0.38 0.046
2 38.3 .0123 0.020 0.48 0.030
3 37.4 0145 0.025 0.45 0.036
4 153.2 .0510 0.042 0.43 0.060
5 35.4 .0195 0.034 0.46 0.050
6 75.7 .0390 0.043 0.45 0.062
7 114.9 .0400 0.037 0.49 0.055
8 153.2 .0530 0.044 0.45 0.064
9 91.0 .0390 0.040 0.40 0.056
10 134 .0300 0.026 0.46 0.038
30 325 .0890 0.058 0.33 0.079
42 375 1360 0.086 0.46 0.126
47 517 .0900 0.052 0.39 0.072
53 345 1280 0.082 0.40 0.115
93 575 .0970 0.055 0.37 0.075
132 418 1300 0.080 0.43 0.114
133 479 .0830 0.049 0.59 0.073
170 192 1200 0.092 0.58 0.145
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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/ 7T Oven Dry
6 |~  AirDry (Relative Humidity = 50%)
5
Wilting Point (pF = 4.5)

4+

——  Plastic Limit of Clays (pF = 3.5)
N

—— Wet Limit of Clay in the Field (pF = 2.5)
2 T Field Capacity (wettest soil in the field)
1 L Liquid Limit
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2005 Seminar

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

Robert Lytton Presentation
Foundation Performance Assoc.
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CONVERSIONS TO cm OF SUCTION

cm = .lbz x 70.37 (cm)
in DS
cm = T2 x 977.36 m
ft Ts
cm = kPax10.21 m
kPa
cm = psf x 0.4887 cm
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

——— Ah = Ax (X)
Ax

+ velocity = out of the soil
- velocity = into the soil
Ah = change in suction, in cm

Ax = change of horizontal location, in cm
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Vertical Flow

v =k [Ah Ah = Az [ +1
Az k

Same sign convention on velocity flow direction
Ah = change 1n suction, in cm

Az = upward change 1n elevation, in cm

Note: when v=0, Ah/Az=-1.

Permeability
K= 2%10° cm | -200cm

-h (cm)
h = wvalue of suction, cm

2005 Seminar Robert Lytton Presentation
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Volume Change in Clays
osmotic suction

Percent Volume Change
1. Swelling matrix suction overburden +
swelling term surcharge correction swelling term
Av - h - o - 0
= - a,, log, ' - &, log,, ' - 4, logy, '
v h, o, 0,
h, = final matrix suction, cm.
h = 1nitial matrix suction, cm.

= overburden correction constant

o, =
40°™ x 4, (gm ; )
cm
O, = mean pressure in (g cm’ ) at depth z
1+2 K
below 40 cm [: ﬁt( " 3 ° )]
0,, 0, = Initial and final osmotic suction, cm.
A : :
( V) = volume change percent (in decimal form)
\%
a, = volume change coefficient

ah -

Dite semierburden and surchargg geiraedicptaenisdNOT applied above 40 cm or
Below where it exceadridfiensweibngdierennessehen it is the same sign.
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2. Shrinking

(&) = -4, log, (&) ta, log, (ﬁ)
A% hi O'i
shrinking term overburden and
surcharge correction
term

3. Lateral Earth Pressure Coefficient

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

4. Vertical Volume Change at Depth, z

AH) _ ¢ (Av
H \%
f = 0.5 when soil 1s drying out

2005 Sergingr 0.8 when soil is %%E%H%yﬂgn Presentation
Foundation Performance Assoc.
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osmotic suction
shrinkage term
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5. Total Heave or Shrinkage

y = i (AH) (Az)

= H
vertical vertical
volume increment, cm
change

VolumeChangeCoefficient, 3,

Need to know: 1. P1%, LL%
2. % Fine Clay
1. PI(%) = Liquid Limit (LL) - Plastic Limit (PL)
% Passing (Zi ) S1z€ .

2. % Fine Clay = . . 100
% Passing (#200) size
. : PI (¢
3. Activity Ratio, AC = _ (7o)
% Fine Clay
2005 Seminar Robert Lytton Presentation

Foundation Performance Assoc.
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Mineral Classification
100 MMM W ARAS WAL RARY AAAY yreey T AAAA AL LA Tere T AL ML T
80;_ Referred /j
- to as // ,é
= Zone7i B-Lj
§ 6o0F V(g]fFLg - //'A
g E vy
Z S0E— »’5@ // / 2
§ 4o§ ) VA// //// éﬁ
wof % . :
ol V.17
10%— ) A?,/ VI -g
rz y E
jgj" /(": vvvvv I"4""l """""" | AALA AN AL LAARSAJ-ALAE LEAS SRS LALSAJ CLAY LA '"'!"':;':
0 10 20 30 40 50 60 70 80 90 100
Liquid Limit
Note: No soil should plot above U -Line
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Suction Compression Index -1,
Zone |l Chart

Y \:
. \

25

LL /%t

1.0 1

0.5 4

0-0 L 1 ) L) ¥
0.0 0.5 1.0 1.8 20
PH %fe

Note: There is no chartfor “Zone 7”. PTI
recommends y, =0. 01 for this zone.

2005 Seminar Robert Lytton Presentation 111
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LL(%)

4. Liquid Limit Activity = % Fine Cl
o Fine Clay

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

o

6. Volume Change Coefficient, d,
= % Fine Clay (decimal) x &

Example Problem - Equilibrium Suction Profile

No vertical flow: v=o0

Ah _
Az

Suction at 8 ft: pF 3.2 =-1584 cm

Suction at Surface - 1584 cm + Ah x 8" x 30 cm
Az ft

cm

=-1584"" + (—1 ) x 240"

cm

2005 Seminar — _ 1824 Robert Lytton Presentation 112
oundation Performance Assoc.



2005 Seminar

pF 3.26
-1824°"

240¢m

-1584°™
-pF 3.2

Robert Lytton Presentation
Foundation Performance Assoc.
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Example Problem - Volume Change
LL=76%
PL =22% = Soil Zone 11
PI =54
% Fine Clay = 60%
AC =54/60 =0.90
LLAC =76/60 =1.27 Zone 11

a, =0.15 From Chart No. II
a, =0.15x0.60=0.09
Assume a_ = = 0.09

Dry pF =4.20 (-15984__ )
Wet pF =2.60 (-398_, )

AV - h - o
( ) = -4, log,, ( g ) -a, log,, ( ! )
\Y% h, o,

AH _f Av
H \Y%
f = 0.5 (Drying) 0, =40 x a,
_|_
f = 0.8 (wetting) 6.=2 x 4, x (1 32K°)

Ko =1 (Assume)
2005 Seminar C(R%b<jrtJ__ngtc?r‘;mP’;lesentation

Fauadajion Red#Ormance Assoc.
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pF 4.20 pF 3.26
-15,984¢m -1824¢m

|_— Equilibrium Suction Profile

-« 2400m
4_
-1584¢m
pF 3.20
2005 Seminar Robert Lytton Presentation 115
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Drying

i =4, = 0.090 f=05
Depth,em | h., cm h;, em -y, log,, (ﬁ +40 log,, (O— (&) (ﬁ)
o v H
0 0 -1824 -15984 -0.0848 -0.0848 -0.0424
20 -1804 -14784 -0.0822 -0.0822 -0.0411
40 -1784 -13584 -0.0793 -0.0793 -0.0397
2’ 60 -1764 -12384 -0.0762 0.0158 -0.0604 -0.0302
80 -1744 -11184 -0.0726 0.0271 -0.0455 -0.0228
100 -1724 -9984 -0.0686 0.0358 -0.0328 -0.0164
4 120 -1704 -8784 -0.0641 0.0429 -0.0212 -0.0106
140 -1684 -7584 -0.0588 0.0490 -0.0098 -0.0049
160 -1664 -6384 -0.0526 0.0542
6’ 180 -1644 -5184 -0.0449 0.0588
200 -1624 -3984 -0.0351 0.0629
220 -1604 -2784 -0.0216 0.0666
8 240 -1584 -1584 -0.0000 0.0700
Assume
Ko=1

2005 Seminar

Robert Lytton Presentation
Foundation Performance Assoc.
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AH, cm

Depth, cm E H, cm Yo,

H

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

2005 Seminar Roberf Lytton Prgsentation

Foundation Performance ASSOC.
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pF 3.26 pF 2.60

-1824¢cm -398¢m
A
> 240¢°m
Equilibrium
Suction
Profile
A 4

~1584¢m
pF 3.2

2005 Seminar Robert Lytton Presentation
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0’

2’

4’

6’

8’

Depth, cm hi , cm hf’ cm Y 1OgIO ( hf)
hi

0

20

40

60
80

100

120

140

160

180

200

220

240

2005 Seminar

-1824

-1804

-1784

1764
_1744

-1724

-1704

-1684

-1664

_1644

-1624

-1604

-1584

-398

-497

-596

-694
-793

-892

-991

-1090

-1189

-1287

-1386

-1485

-1584

~ ~

a, = a,

+0.0595

+0.0504

+0.0429

+0.0365
+0.0308

+0.0258

+0.0212

+0.0170

+0.0131

+0.0096

+0.0062

+0.0030

0.0000

= 0.090

g (éf
-ao log,, |

i

-0.0158
-0.0271

-0.0358
-0.0429
-0.0490
-0.0542
-0.0588
-0.0629
-0.0666
-0.0700

Assume

Robert Lytton Presentatier 1
Foundation Performance Assoc.

y

Av
v
+0.0595
+0.0504

+0.0429

+0.0207
+0.0037

Wetting

f=1038
()
0.0476
0.0403
0.0343

0.0166
0.0030
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Wetting (Continued)

2005 Seminar

Depth, cm ( E ) H, cm AH, em Y., Cm
H
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
Robert Lytton Presentation

Foundation Ferformance ASSOC.
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Wetting With Open Cracks

Depth, cm

4’

6’

2005 Seminar

20

40

60

80

100

120

140

160

180

200

220

240

a, —

. h -
-4, log,, ( hf ) -a6 loglo(

+0.0595

+0.0504

+0.0429

+0.0365

+0.0308

+0.0258

+0.0212

+0.0170

+0.0131

+0.0096

+0.0062

+0.0030

+0.0000

-0.0060

-0.0112

-0.0158

-0.0200

-0.0237

-0.0271

Assume

O

1

(’)‘)

a6 = 0.090

(V)
v

+0.0595
+0.0504
+0.0429
+0.0365
+0.0308
+0.0258
+0.0212

+0.0110

+0.0019

()
H

0.0476
0.0403
0.0343
0.0292
0.0246
0.0206
0.0170

0.0088

0.0015

Raobert Lytton Presentation

oundation Performance Assoc.

wetting

f=0.8
ah AH
10 0476
20 0.806
20 0.686
20 0.584
20 0492
20 0412
20 0.340
20 0176
20 0.030

Y, €M

i.002c,rn

1.581n

121



2005 Seminar

0, = X a
f t
3
0. = 40 x a,

o, 7L

Robert Lytton Presentation

Foundation Performance Assoc.
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PROGRAM AGENDA

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
2005 Seminar Robert Lytton Presentation
Foundation Performance Assoc.
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DERIVED EXAMPLE CLAY PROPERTIES

PROPERTY VALUE
PERCENT FINE CLAY (% fc) 67%
ACTIVITY INDEX (PI/% fc) 0.88
LIQUID LIMIT INDEX (LL/% fc) 1.28
SOIL ZONE (CHART NO.) 11
100% SUCTION COMPRESSION INDEX (7, ) 0.16

SUCTION COMPRESSION INDEX (7, x % fc/100)  0.107

2005 Seminar Robert Lytton Presentation 128
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DERIVED EXAMPLE CLAY PROPERTIES

PROPERTY VALUE
SLOPE OF pF-vs-WATER CONTENT 7.19
2
UNSATURATED DIFFUSIVITY 3.07x10° ™
SCC
THORNTHWAITE MOISTURE INDEX 11
EDGE MOISTURE VARIATION DISTANCE
DRYING 7.4 FEET
WETTING 4.8 FEET

2005 Seminar Robert Lytton Presentation 130
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HORIZONTAL EARTH PRESSURE COEFFICIENTS
FOR VOLUMETRICALLY ACTIVE SOILS

TYPICAL
CONDITION Ko FORMULA
Cracked 0 0
: . 1-sin ¢’
Drying (Active 1/3
rying ( ) 1+sin ¢’
Equilibrium (At Rest) 1/2 1+sin ¢’
Wetting (within movement 2/3 1-51'n (l), 1 -;sm ¢
I+sin ¢ 1-" sing¢’
active zone)
Wetting (below movement 1 1—s1.n ¢, I+ s?n ¢,
I+sin ¢ | 1-sin ¢
active zone)
+sin ¢’
Swelling Near Surface 3 1 s.1n ¢,
1-sin ¢
(Passive Earth Pressure)
In general, other than the "cracked" case where Ko =0,
2005 Seminar Ko =e Llﬁgﬁggtc_llﬁﬁdﬂ Presentation 136
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SUCTION

SOIL DIFFERENCE,
DEPTH CONDITION pE. - pE, = ApF
N Tr\f CRACKED 1.5 < ApF
w g DRYING (ACTIVE) 02 < ApF = 1.5
cfyl % O EQUILIBRIUM 02 = ApF = 0.2
w Sy WETTING (IN THE
5 S (.:) MOVEMENT ACTIVE ~ -1.0 = ApF = -0.2
Q23 ZONE, Z,,)
w v
4
= WETTING (BELOW
% THE MOVEMENT -1.0 = ApF = -0.2
> ACTIVE ZONE, Z,)

SWELLING (NEAR ApF < -1.0
THE SURFACE)

pE, = SUCTION BELOW THE MOISTURE ACTIVE ZONE

2005 Seminar Robert Lytton Presentation 137
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HORIZONTAL EARTH PRESSURE COEFFICIENTS

TYPICAL
K, d k n c
0 0 0 1 0
1/3 0 0 1 1
172 1 0 1 1
2/3 1 172 1 1
1 1 1 1 1
3 1 1 2 1
2005 Seminar Robert Lytton Presentation 138
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FLOATING SLABS
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SLOPES
IN
EXPANSIVE SOILS

Robert Lytton Presentation
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SHALLOW SLOPE
FAILURE

GRASS

ROOTS

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

Robert Lytton Presentation
Foundation Performance Assoc.
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Crack Spacing Gets Larger with Depth

2005 Seminar Robert Lytton Presentation 182
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DEPTH
BELOW
SOIL
SURFACE
CRACKING SPACING
SOURCE : MICHAEL KNIGHT

PH. D. DISSERTATATION, GEOLOGY
UNIVERSITY OF MELBOURNE (AUSTRALIA)
1972

Robert Lytton Presentation
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WATER
SOAKS
INTO
SOIL

2005 Seminar

RUNOFF WATER

4.0
0,? y(
2.0 Yy
e 25 4.0
<%7 pF
2.0
SUCATIIN ARANMNGE

FBEFWEEN"ERACKS
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DRY

WET
SUCTION- SWI/JIiTTIUOVz(V;
LIMIT
2.5 POINT
' 4.5

W7
i P
o —
) —
TRANSIENT &

SUCTION

WETTING / DRYING

SUCTION SUCTION
ENVELOPE ENVELOPE
Ue
EQUILIBRIUM
SUCTION
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DESIGN AND CONSTRUCTION

> PAVEMENTS ON EXPANSIVE SOILS
» SULFATE SWELLING PROBLEMS

2005 Seminar Robert Lytton Presentation 186
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SULFATE SWELLING PROBLEMS

LIME +
SULFATE +
WATER +
CLAY = PAVEMENT BUCKLING

2005 Seminar Robert Lytton Presentation 193
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QUESTION:

HOW CAN YOU TELL

WHERE YOU HAVE A

SULFATE SWELLING
PROBLEM?

Robert Lytton Presentation
Foundation Performance Assoc.
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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

2005 Seminar Robert Lytton Presentation 195
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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

2005 Seminar Robert Lytton Presentation 196
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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

2005 Seminar Robert Lytton Presentation 197
Foundation Performance Assoc.



Integrated GIS approach
considers

» Sulfates (including pyritic sulfur) in bedrock
» Sulfates in soil profile

» Shrink-swell potential

* Permeability

* Topography

2005 Seminar Robert Lytton Presentation 198
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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

2005 Seminar Robert Lytton Presentafidy ritic sulfur is present avonot
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Williamson County Soil Map
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Attribute Table For Willlamson Soll

2005 Seminar Robert Lytton Presentation 202
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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
20051§gingorridor Robert Lytton Presentation 203
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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 establishedto @ =
relate to threshold soluble

sulfate level (3,000 ppm).

d " [2
) ’ N
R 4
v
Q.M" v M v e wte M .
100 150 200 250 300 350
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Total Salts (ppm)

25000

20000

15000

10000

5000

2005 Seminar

100

Total Salts VS Maximum EM 38 Reading (alldata)

150 200 250 300 350

Maximum EM 38 Reading (m S/m)

Robert Lytton Presentation
Foundation Performance Assoc.

Threshold for Frisco

400 450 500

205



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

ZOOQLHZFZIO data Iogger Robert Lytton Presentation 206
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Magnetometer

2005 Seminar Robert Lytton Presentation 207
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Variation of Sulfate along slope of
the surface

30000
[25000
-20000
-15000
-10000

-5000
-0

Sulfates

(Pppm)

C5
7 8 B1 C3 .
Locations
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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

2005 Seminar Robert Lytton Presentation 209
Foundation Performance Assoc.



Stability Models or Phase Diagrams
290 Soil - Depth of 24-inches

290 Soil B1 2ft @ pHI12 Extract

- AISO ),

Gbbsie

C,AH,,

25°C
|

8

10 11 12 13 14
pH Sacin Kaga o by 0 200

TIWMUIL lylltvil 1T I wUVI ULV

Foundation Performance Assoc.

Soluble Sulfates
=18,700 ppm
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Stability Model for Frisco Soll

Frisco Soil @ pH 12 Extract
3 I I I I I I I I I

L Eitringite i

Gbbsie 5

Mono sulfate
i AIOH), |

5 25°C
5 6 7 8 9 10 11 12 13 14

Sachin Kunagalli Mon May10 2004
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1:00 pm

2:30 pm
2:40 pm

»4:00 pm
4:30 pm
5:00 pm

6:00 pm
2005 Seminar

PROGRAM AGENDA

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

Break
Design Concepts of Various Foundation Systems — Lytton
Drilled Footings
Floating Slabs
Moisture Barrier
Root Barrier
Slopes
Pavements
Sulfates

Forensic Evaluation of Foundations — Dr. David Eastwood, P.E.

Legal Issues — Mr. David Dorr, Esquire
Panel Discussion
Questions and Answers

Adjourn
Robert Lytton Presentation
Foundation Performance Assoc.
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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 214
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APPENDIX:
TOTAL AND MATRIC SUCTION
MEASUREMENTS WITH THE
FILTER PAPER METHOD

Texas Transportation Institute
Texas A&M University System
College Station, Texas
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APPARATUS

v' Filter Papers
v' Glass Jars
v" Moisture Tins

v’ Tweezers

v’ Latex Gloves

v' PVC-Rings

v" Electrical Tape
v' Aluminum Block



APPARATUS
v" Sensitive Balance (0.0001 g)

v" Constant Temperature Container
(stability less than =1°C)

v Oven (110 = 5°C)

2005 Seminar Robert Lytton Presentation 217
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CALIBRATION CURVE

4.5
4 Schleicher & Schuell
No. 589-WH Filter Paper
3.5

w

N
o

Wetting Filter Paper
Calibration Curve

h=-8.247w + 5.4246
R? = 0.9969

Suction, h, in log kPa
N

1.5 (1.5<h <4.15)
1
0.5
0
0.1 0.2 0.3 04 0.5 0.6
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BEFORE COMMENCING THE TESTING,
MAKE SURE THAT ALL ITEMS
RELATED TO FILTER PAPER METHOD
ARE CLEAN, MOISTURE, OIL, AND
DUST FREE!

NOTE:

* Make sure that tweezers are used to handle filter
papers

* Make sure that moisture tins, o-rings are handled
with gloves

2005 Seminar Robert Lytton Presentation 219
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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 NOTE: When preparing the soil
RIS samples make sure that sample
disturbance 1s minimal.
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 Remove a Schleicher &
Schuell No. 589-WH filter paper
from the box using tweezers
(5.5 cm 1n diameter)

#589-WH
SiZE: 8.3 CM
QTY: 100 CIRCLES
LOT NO:WH981-078

rrem No: 10308207
gSchlelcher&Schuell—v

Keene, NH, USA « Tel 800/245-1024 » Fax 603/357-7700 -
Dg.cununy Ted 49:556]-7910 » Fax 495561791536

. Schy 4 Almost any brand of high permeability and
‘ larger diameter filter paper can be used as

| s s gjlt protective filter papers for matric suction
& undfilter .
100 Stk measurements (as shown in the lower left box
i i and in the picture, about 70 mm in diameter)
LOT. :Cl1328-1
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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 1n 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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e Insert a clean PVC O-ring,
with the sharp edge facing up,
on top of the soil sample for
total suction measurements

» Place two Schieicher & Schuell No.
589-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 1t

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 1s critically
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v" The setup, as described in the previous
slides, will be kept in a temperature-
controlled environment for at least one week

v’ Temperature fluctuations should be kept
as low as possible, preferably below + 1°C
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AT THE END OF AT LEAST
ONE WEEK OF
EQUILIBRIUM PERIOD:

» 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.
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* Remove a glass jar
from the temperature-
controlled container

» Time 1s critical at this
stage and thus it 1s
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 i1s

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, 1n less
than a few seconds

* Immediately close the
l1d of the moisture tin

with the wet filter paper
inside

n Presentation
srformance Assoc.
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 After closing the lid of
the moisture tin,
immediately weigh the
tin with the wet filter
paper 1nside

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

Note that this 1s a total
Robert Lytion PreS3GddON Measurement 3
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» Continue with the matric suction
measurement by removing the tape | ’ =T
that was holding the soil samples T V€

together

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

* Immediately carry the filter
f@&r to the moisture tin 231



* Immediately close the
l1d of the moisture tin
and weigh the tin with
the wet filter paper
inside

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

Note that this 1s a matric
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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

» [ .eave them 1n the oven for at least
10 hours

 Before taking them out from
the oven, close their lids for
equilibrium and leave them 1n
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
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* Finally, take the dry

filter paper out of the

tin

* Weigh the empty hot

tin
e 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 1n the next slide can
be used

» Obtain the suction value from the
calibration curve that was provided above
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SUCTION CALCULATION WORKSHEET

Date Sampled:

Boring No.:

Sample No.:

Depth

Moisture Tin No.:

Total or Matric Suction
Top or Bottom Filter Paper

Cold tare mass, g

Mass of wet filter paper + cold
tare mass, g

Mass of dry filter paper + hot
tare mass, g

Hottare mass, g
Mass of dry filter paper, g

(M2 —Ths)

Mass of water in filter paper, g
(M1 - M2 —Tc+T h)

Water content offilter paper, g
(M, /M)

Suction, log kPa
Suction, pF
2005 Seminar

THE FILTER PAPER METHOD SUCTION MEASUREMENT
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S WORKSHEET

Date Tested:
Tested By:
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APPENDIX:
LABORATORY MEASUREMENTS
OF ALPHA DIFFUSION
COEFFICIENTS

Texas Transportation Institute
Texas A&M University System
College Station, Texas
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APPARATUS

* Thermocouple Psychrometers
* Sling Psychrometer
e Temperature Control Unit

« A drll-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

MULTIPLY B Z 3

: TO OBTAIN

Btu

Btu 778.2 ; A
Btu/hr 2.93 x 10+ % Ft—l.p
Btu/hr 3.93 x 10 Kw-hr
Btu/hr :g; x 107+ l;(ls, (mech)
Cu. ft .33 x 1075

: 7 44 Tons Refr 5

zt.;u, 3.;:':( 1077 Gal. ‘u._s.,'ﬂel’atuon

al. (u.s,) 0.133 gw-hr

u. ft.
1

3

1
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Psychrometer Calibration
Salt Solutions

2005 Seminar Robert Lytton Presentation 244
Foundation Performance Assoc.



60

50

N
o

Total Suction, bar
w
o

N
o

10

200

Calibration Curve

Thermocouple Psychrometer: S.N.43311
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Wet Bulb Thermometer
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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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Psychrometer Installation
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Psychrometer Installation
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Sample Preparation
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Sample Preparation
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Testing 1n Progress
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Diffusion Coefficient

(o)}
|

Diffusion Coefficient for BHC 2

o
o
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x=14.23 cm
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Uo = 3.51 pF
he = 0.54 cm™

/
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/

Suction, u (pF)
N
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Drying Time (minutes)
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Re-Evaluation of Current TxDOT

PVR Procedure with A New
Suction-Based Approach

Foundation Performance Association
Houston, Texas

August 10, 2005

2005 Seminar Robert Lytton Presentation 263
Foundation Performance Assoc.



TxDOT Project Background
(2002-2004)

Pl: Dr. Robert L. Lytton
TR Co-PI:  fDEChA¥IES P. Aubeny



Outline

e TxDOT PVR Assumptions

* Analysis Program (Flodef)

e Design Program (Winpres)

» Laboratory Testing (Diffusion Coefficient)
 TxDOT Case Studies

* PVR Comparison

o 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

e 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 Eftects of:

e Vertical Moisture Ba