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DESIGN OF FOUNDATIONS ON EXPANSIVE SOILS

PROGRAM AGENDA

Time Topics
7:15a.m. Seminar Opening by David Eastwood
Texas Board of Professional Engineers Policy Advisory by Mr. David
Eastwood, P.E.
7:45a.m. Report of the Design Subcommittee of the Residential Foundation

Committee, Texas Board of Professional Engineers by David A. Eastwood,
P.E., Kirby T. Meyer, P.E.

8:30 a.m. Post-Tensioning Institute - Mr. Gerald McGuire
8:45 a.m. Introduction to Unsaturated Soils - Dr. Lytton T
Field Exploration and Site Conditions

Laboratory Testing (Dr. Bryant)
Swell Tests
Soil Suction Tests
Volume Change Coefficient

10:00a.m. Break

Computations of Swell and Shrinkage in Expansive Soils (Dr. Lytton)
Potential Vertical Rise
Soil Suction Estimates of
Vertical Movement
Horizontal Moisture
Movement

Updated VOLFLO Program by Mr. Kirby Meyer, P.E.

12:00-1:15 p.m. Lunch

1:15p.m. Examples using VOLFLO, Dr. Bryant and Dr. Lytton
3:30 p.m. | Break

3:45 p.m Design Concepts of Various Foundation Systems

Drilled Footings
Floating Slabs
Moisture Barrier
Root Barrier

5:00 p.m. Questions and Answers Period

6:00 p.m Adjourn
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David Eastwood is the President of Geotech Engineering and Testing. Mr. Eastwood has
practiced consulting engineering for about 21 years serving in key technical, project management,
and administrative roles on both domestic and international assignments. His experience in these
functions include a wide range of project types and large capital investments ranging from
residential and industrial to commercial buildings. Geotech Engineering and Testing has been a
leader in providing soils and foundation engineering services to the builders, developers,
architects, and designers. Mr. Eastwood has conducted soils and foundation explorations and
foundation studies for a wide variety of projects including a large number of residences,
subdivisions, apartment buildings, shopping centers, and office buildings. :

Mr. Eastwood received his Bachelor and Masters of Science in Civil Engineering from the
University of Houston with specialization in soils engineering. Mr. Eastwood has attended
Continuing Education Seminars at Rice, Princeton, University of Maryland, and the University
of Houston.

He has several publications on the design and construction of foundations on expansive soils. Mr.
Eastwood is a member of PTI, GHBA, AIA, ASTM, TSPE, TIBD, ACME, and ASCE. Mr.
Eastwood is the Chairman of the Geotechnical Committee of Post-Tensioning Institute Slab-On-
Grade Committee. Furthermore, he is the past President of the Foundation Performance
Association. The mission of this organization is to serve the public by advancing the skill and the
art of engineering analysis, investigation on light foundations.

Mr. Eastwood is also a member of the Residential Foundation Committee with the Texas State
Board of Professional Engineers. The purpose of this committee is to investigate the engineering,
economics, and ethical situations facing consumers and engineers with respect to the service and
failure of residential foundations in Texas.
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Board Initiatives

All information provided via the links on the Board Initiatives site is for the purpose of informing the
public and interested parties of the positions on issues and possible actions to be taken by the Texas
Board of Professional Engineers. If you have questions or comments, you may send them in writing
with the written signature of the commentator by e-mail, fax or regular mail. Since the Board meets
quarterly throughout the year, these specific questions may take additional time for review by the
Board.

Click on the headings below for:

Software Engineering Statement - This article is in the process of being rewritten. It will be
available at a later date.

K Board Establish4e§l Software Engineering Discipline

Ggoiinuing Prof@®®ional Competenty (CPC)

Policy Advisory 09-98-A, Regarding Design, Evaluation and Repair of Residential Foundations. -
This policy has been temporarily removed. The Residential Foundation Advisory Committee will

meeting to discuss the current policy advisory. Once the Committee has finalized the new policy
advisory it will be posted on this website.

For more information contact:

Texas Board of Professional Engineers

P. O. Drawer 18329, Austin, TX 78760-8329 (mailing address)
or 1917 IH 35 South, Austin, TX 78741 (physical address)
(512) 440-7723 (phone), (512) 442-1414 (fax)

Email: peboard@mail.capnet.state.tx.us

www.main.org/peboard/
Last Updated: 10/99

http://www.main.org/peboard/binitiat.htm 10/23/99
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POLICY ADVISORY

09-98-A
Regarding Design, Evaluation and Repair of Residential Foundations

Texas Board of Professional Engineers

1. Background & Purpose

Under the exemptions of Section 20(d) of the Texas Engineering Practice Act, any person who
designs, constructs or repairs engineering features for a Texas residence does not need to be
licensed as a professional engineer to legally perform that task. However, licensed professional
engineers are actually performing a large number of the residential foundation designs,
evaluations and repairs performed in Texas each year. According to data collected by the Real
Estate Center at Texas A&M University, approximately 76,000 single-family residential
building permits were issued on an annual basis since 1995, representing a significant impact
on Texas business.

The Board receives a disproportionately high number of complaints against license holders
performing the design or evaluation of residential foundations. Since these complaints
frequently appear to be a result of poor communications or procedures, the Board established
the Residential Foundation Committee (RFC) to pinpoint some of the most common problems
and offer a summary of concerns and/or recommendations for the Board's consideration. The
RFC and a volunteer support team met in the fall of 1997 and spring of 1998, resulting in the
issuance of two reports to the Board's General Issues Committee for staff use in drafting this
policy statement. Although the RFC's reports are not a part of this policy, they provide an
interesting and quite valuable commentary on various aspects of engineering related to
residential foundations. Single copies of the RFC's reports are available by request or may be
copied from the Board's home page at http://www.main.org/peboard

The purpose of this policy statement is twofold:

A. Provide recommendations to various non-engineering entities on how to minimize the
probability that residential foundation problems, currently encountered by homeowners, will
occur.

B. Provide practicing licensed professional engineers with guidance in the preparation of
designs and evaluations of residential foundations to minimize the probability that problems,
currently encountered by homeowners, will occur.

While the Board may use this policy statement as a tool to evaluate specific complaints, this
statement is not intended to replace professional engineering judgment. This statement is
intended to emphasize the professional judgment requirements of Board Rules 22 TAC
131.151-155, not to replace or modify them in any way. Under no circumstances should a
professional engineer use this statement as a "checklist” of activities needed to adequately

http://www.main.org/peboard/resfndb.htm : 12/2/98
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perform an engineering assignment related to residential foundations. In its evaluations of
complaints, the Board has consistently been most concerned that the intent of the Board rules
of conduct and ethics are followed and that the public and client interests are well served. This
statement is designed to underscore that concern.

II. Recommendations

While proper professional engineering practice on individual projects is integral to the success
of the project, public policy alterations should be evaluated by the local government entities for
probable positive impacts on the property interests of tax-paying homeowners.

The Board makes the following recommendations for consideration by the appropriate entities:

A. Where not already required by existing code, building code enforcement entities such as
cities or special districts should require that a licensed professional engineer prepare the =~
designs and directly supervise the construction of residential foundations in situations where
soil conditions warrant the involvement of a professional engineer. The public entity should be
concerned that warranting conditions may exist:

1. Where the weighted BRAB* equivalent plasticity index of the soil exceeds 20; or

2. Where the site settlement potential exceeds approximately one inch under expected loads; or
3. Where the structure will be supported by fill material; or

4. Where known geological hazards exist.

*Building Research Advisory Board Report #33

B. Warranting conditions should be established in one of two ways. First, licensed professional
engineers can establish warranting conditions on a site-specific basis. Second, in areas where
general soil conditions are sufficiently well known, licensed professional engineers familiar with
local conditions can be requested to aid public entities in the establishment of geographic
boundaries where warranting conditions exist.

C. Purchasers of forensic foundation evaluations from licensed professional engineers should
base their purchase request on one of three levels of evaluation described in section I'V of this
statement and understand the scope and limitations associated with that level. The requested
level of evaluation to be purchased for the foundation should match the level of analysis of any
other evaluations to which it may be compared if a direct comparison is desired. If a particular
purpose is intended for the evaluation (such as the development of a repair plan or a forensic
report), the engineer must establish the minimum level of evaluation required to adequately
accomplish that purpose.

II1. Practice Guidance for Licensed Engineers: Design and Repair

Professional engineers designing residential foundations or designing repairs for residential
foundations will meet the requirements of all of the applicable Board rules of professional
conduct and ethics in their practice. Special emphasis is placed upon:

A. Board Rule 22 TAC 131.151(a) - Engineers have an obligation to protect the property
interests of the future homeowner, the builder, the lender and all other parties‘invoived.
Inherent in this rule is the notion that an engineer is to provide an optimized, ¢ost-effective

7
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design.

B. Board Rule 22 TAC 131.151(b) - Engineers must perform their design in a manner which
can be favorably measured against generally accepted standards or procedures. A design or
repair plan should include all information needed to delineate its scope, intended use,
limitations, client contract requirements or other factors that can impact its proper
implementation. If called upon to evaluate a complaint under this rule, the Board will assess
engineers' work against design procedures such as the Post-Tensioning Institute's design
guideline, the Building Research Advisory Board Report #33, or other similar procedures.
Engineers' work will be expected to address significant design issues that may include (but may
not be limited to):

1. collection of sufficient geotechnical data;

2. selection of reasonable sample locations and testing activities for geotechnical data;

3. completion of a site characterization activity, denoting key feature such as the presence of
water or fill material;

4. inclusion of all needed specification documentation for adequate construction of the
foundation;

5. inclusion of a plan for supervising or inspecting the foundation construction; and

6. documentation of all engineering functions in a suitable manner for clients, code officials, etc.

C. Board Rule 22 TAC 131.166 - Engineers must only seal work that they have personally
performed or has been performed under their direct supervision. Direct supervision as defined
under 22 TAC 131.18 requires the engineer to provide some acceptable combination of exertion
of control over the work, regular personal presence, reasonable geographic proximity to the
work being performed, and an acceptable employment relationship with the person(s) being
supervised. If called upon to evaluate a complaint under this rule, the Board will evaluate all
work attributed to an engineer (including post-tension designs, pier layouts, repair details, etc.)
for conformity to these direct supervision requirements.

D. Engineers in responsible charge of this type of work must be competent to perform it
adequately. Competence is established through education, training or experience in
appropriate areas of endeavor; these areas might include residential foundation design,
structural engineering, soils and geotechnical engineering, materials engineering and general
civil engineering.

IV. Practice Guidance for Licensed Engineers: Evaluations of Existing Foundations

A. When evaluating an existing residential foundation, engineers will be expected to report
their findings in a manner that clearly identifies:

1. the purpose of the evaluation;
2. the level of evaluation at which the work was performed; and
3. limitations regarding the conclusions that are drawn given the level of evaluation used.

All evaluations, regardless of the level at which they are performed must be of professional
quality as evidenced by sufficient and appropriate data, careful analyses, and disciplined and
unbiased judgment when drawing conclusions and stating opinions. In accordance with Board
Rule 22 TAC 131.152(b) engineers must communicate using clear and concise language that

http://www.main.org/peboard/resfndb.htm ' 12/2/98
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can be readily understood by their client or other expected audiences.

B. In certain cases, the level of evaluation is established by the client. However, in most cases
involving the potential for repair of a condition, the engineer will recommend an appropriate
level of evaluation for the situation. Under Board Rule 22 TAC 131.155(a), the engineer is
expected to recommend and perform the lowest level of evaluation needed for adequate
analysis of the situation. For the purpose of aiding the client in determining the type of
evaluation performed (or desired), the Board recommends the use of the following three levels
of evaluation designations:

1. Level A - This level of evaluation will be clearly identified as a report of first impression
conclusions and/or recommendations and will not imply any higher level of evaluation has been
performed. Level A evaluations will typically:

a. define the scope, expectations, exclusions, and other available options;
b. interview the home owner and/or client if possible;

c. document visual observations personally made by the engineer during a physical walk-
through;

d. describe the analysis process used to arrive at any performance conclusion; and

e. provide a report containing one or more of the following: observations, opinions,
performance conclusions, and recommendations based on the engineer's first impressions of
the condition of the foundation.

2. Level B - This level builds upon the elements found in a Level A evaluation. In addition to
the items included in Level A, a Level B evaluation will typically:

a. request and review available documents such as geotechnical reports, construction drawings,
field reports, prior additions to the foundation and frame structure, etc.;

b. determine relative foundation elevations to assess levelness at the time of evaluation and to
establish a datum;

c. if appropriate, perform non-invasive plumbing tests, recognizing that additional invasive
testing is also available;

d. document the analysis process, data and observations;

e. provide conclusions and/or recommendations; and

f. document the process with references to pertinent data, research, literature and the
engineer's relevant experience.

3. Level C - This level builds upon the elements found in the Level B evaluation. In addition to
the items included in Levels A and B, a Level C evaluation will typically:

a. conduct non-invasive and invasive plumbing tests as required by the engineer;
b. conduct site specific geotechnical investigations as required by the engineer;
c. conduct materials tests as required by the engineer to reach a conclusion;

d. obtain other data and perform analyses as required by the engineer;

e. document the analysis processes, data and observations; and

f. provide conclusions and/or recommendations.

C. Engineers performing evaluations of residential foundations should be especially aware of
their obligations under Board Rules 22 TAC 131.153(c), 22 TAC 131.151(b), and 22 TAC

http://www.main.org/peboard/resfndb.htm 12/2/98
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131.152(b) as they report their findings. They should substantiate all assumptions, conclusions,
and recommendations using appropriate references. Terms such as "failure', ""distress",
"damage'', etc. must be clearly defined. When an evaluation is to be used in comparison with
another report, the engineers should make every effort to provide a correlation to the definition
used in the previous report in addition to any other definitions used in their own report.
Engineers must draw any needed distinctions between "failures' discussed from a structural
aspect and "failures' discussed from a performance aspect.

D. As previously noted in section III (D), engineers in responsible charge of this type of work
must be competent to perform it adequately. Competence is established through education,
training or experience in appropriate areas of endeavor; these areas might include specific
residential foundation design, structural engineering, soils and geotechnical engineering,
materials engineering and general civil engineering.

V. Related Advisories & Updates R

There are no related advisories at this time. Updates may be made periodically by the board.
Date of this advisory: 09/11/98.

Questions regarding this advisory may be sent to:

Hali Ummel, Public Information Coordinator
Texas Board of Professional Engineers
P.O. Drawer 18329
Austin, Texas 78760-8329
(512) 440-7723

Email: peboard@mail.capnet.state.tx.us

home page: http://www.main.org/peboard
last updated 10/06/98
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RECOMMENDED HOMEOWNER FOUNDATION
MAINTENANCE PROGRAM FOR RESIDENTIAL PROJECTS

IN TEXAS
BY

DAVID A. EASTWOOD, P.E.

Introduction

Performance of residential structures depends
not only on the prbper design and construction,
but also on the proper foundation maintenance
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 resulted in considerable financial loss to the
homeowners, builders, and designers in the
form of repairs and litigation.

A properly designed and constructed foundation
may still experience distress from vegetation and
expansive soil which will undergo volume
change when correct drainage is not established
or incorrectly controlled water source becomes
available.

The purpose of this document is to present
recommendations for maintenance of properly
designed and constructed residential projects in
Texas. It is recommended that the builder
submit this document to his/her client at the time
that the owner receives delivery of the house.

Typical Foundations

Foundations for support of residential structures
in Texas consist of pier and beam type
foundation, spread footing foundation,
conventionally reinforced slab, or a post-
tensioned slab. A soils exploration must be
performed before a proper foundation system
can be designed.

General Soil Conditions

Variable subsoil conditions exist in the State of
Texas area. Highly expansive soils exist in parts
of Houston, Dallas, San Antonio, Austin and
other places in Texas. In general, the
concentrations of expansive soils are along the
east side of the state.

Sandy soils with potential for severe perched
water table problems as a result of poor
drainage are present in North and West

Houston, including portions of Piney Point,
Hedwig Village, The Woodlands, Kingwood,
Atascocita, Cypresswood, Fairfield, etc.

A perched water table condition can occur in an
area consisting of surficial silty sands or clayey
sands underlain by impermeable clays. During
the wet (rainy) season, water can pond on the
clays (due to poor drainage) and create a
perched water table condition. The sands
become extremely soft, wet, and lose their load

carrying capacity.

Weathered rock formations generally exist on
the west side of the state in areas such as San
Antonio, Austin, Midland, Odessa, parts of
Dallas, etc. These formations are generally
non-expansive; however, expansive shale and/or
weathered limestone are present in some areas.
Variable geology exists in the areas such as
Austin where several types of soils/rocks can be
found within a site.

Drainage

The initial builder/developer site grading
(positive drainage) should be maintained during
the useful life of the residence. In general, a
civil engineer develops a drainage plan for the
whole subdivision. Drainage sewers or other
discharge channels are designed to 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 present,
positive drainage should be provided away from
the foundations. Changes in moisture content 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 drainage is extremely important in
minimizing soil-related foundation 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

significant foundation damage as a result of
negative drainage.

The most commonly used technique for
grading is a positive drainage away from the
structure to promote rapid runoff and to avoid
collecting ponded water near the structure
which could migrate down the soil/foundation
interface. This slope should be about 3 to 5
percent within 10-feet of the foundation.

Should the owner change the drainage pattern,
he should develop positive drainage by
backfilling near the grade beams with select fill
compacted to 90 percent of the maximum dry
density as determined by ASTM D 698-91
(standard proctor).

This level of compaction is required to
minimize subgrade settlements 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.
(PI) between 10 and 20. Bank sand or top
soils are not a select fill. The use of bank sand
or top soils to improve drainage away from a
house is discouraged; because, sands are very
permeable. In the event that sands are used to
improve drainage away from the structure, one
should make sure the clay soils below the
sands have a positive slope (3 - 5 percent)
away from the structure, since the clay soils
control 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.
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Depressions or water catch basin areas should
be filled with compacted soil (sandy clays or
silty clays not bank sand) to have a-positive
slope from the structure, or drains should be
provided to promote runoff from the water catch
basin areas. Six to twelve inches of compacted,
impervious, nonswelling soil, 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, etc.) sometimes excavate next to the
exterior grade beams and create depressions and
low spots in order to stay cool during the hot
«season. This condition will result in ponding of
the surface water in the excavations next to the
foundation and subsequent foundation
movements. These movements can be in the
form of uplift in the area with expansive soils
and settlement in the areas with sandy soils. It
is recommended as a part of the foundation
maintenance progran that 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 to avoid
ponding of water in cuts or on the uphill side of
the structure. This drainage will also minimize
seepage through backfilis into adjacent basement
walls.

Subsurface drains may be used to control a
rising water table, groundwater and
underground streams, and surface water
penetrating through pervious or fissured and
highly permeable soil. Drains can help control
the water table in the expansive soils.
Furthermore, since drains cannot stop the
migration of moisture through expansive soil
beneath foundations, they will not prevent long-
term swelling. Moisture barriers can be placed
near the foundations to minimize moisture
migration under the foundations. The moisture
barriers should be at least five-feet deep in order
to be effective.

Area drains can be used around the house to
minimize ponding of the surface water next to
the foundations. The area drains should be
checked periodically to assure that they are not
clogged.

The drains should be provided with outlets or
sumps to collect water and pumps to expel water
if gravity drainage away from the foundation is
not feasible. Sumps should be located well away
from the structure. 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 drain or 1 percent should be provided).

Positive drainage should be established
underneath structural slabs with crawl space.
This area should also be properly vented.
Absence of positive drainage may result in
surface water ponding and moisture migration
through the slab. This may result in wood floor
warping and tile unsticking.

It is recommended that at least six-inches of
clearing be developed between 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 at residential projects in North
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 settlements and bearing capacity
failures. Foundations in these areas should be
designed assuming saturated subsoil conditions.

In general, roof drainage systems, such as
gutters or rain dispenser devices, are
recommended all around the roof line when
gutters and downspouts should be unobstructed
by leaves and tree limbs. In the area where
expansive soils are present, the gutters should be
connected to flexible pipe extensions so that the
roof water is drained at least 10-feet away from
the foundations. Preferably the pipes should
direct the water to the storm sewers. In the
areas where sandy soils are present, the gutters
should drain the roof water at least five-feet
away from the foundations.

If a roof drainage system is not installed, rain-
water will drip over the eaves and fall next to
the foundations resulting in subgrade soil
erosion, and creating depression in the soil
mass, which may allow the water to seep
directly under the foundation and floor slabs.

The home owner must pay special attention to
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
cause significant subsoil movements. The
introduction of water to sandy soils can result in
reduction in soil bearing capacity and
subsequent settlement. 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
lines can be significant and can result in

- Jocalized swelling in the soils, resulting in

foundat.ion distress,

ST

Landscaping

General. A house with the proper foundation,
and drainage can still experience distress if the
homeowner does not properly landscape and
maintain his property. One of the most critical
aspects of landscaping is the continual
maintenance of properly designed slopes.

GEOTECH ENGINEERING AND TESTING

Installing flower beds or shrubs ngxt to the
foundation and keeping the area flooded will
result in a net increase in soil expansion in the
expansive soil areas. The expansion will occur
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 resulting differential swell of
foundation and structural distress in the form
of brick cracking, window/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
to the foundations. This condition assumes
that the foundations are designed for saturated
soil conditions. Major foundagion 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 the form of foundation
settlement, brick cracking, etc.

Sprinkler Systems. Sprinkler systems can be
used in the areas where expansive soils are
present, provided the sprinkler system is
placed all around the house to provide a
uniform moisture condition throughout the
year.

The use of a sprinkler system in parts of
Houston where sandy soils are present should
not pose any problems, provided the
foundations are designed for saturated subsoil
conditions with positive drainage away from
the structure.

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 not be used as
backfill. These soils should be properly
compacted to minimize water flow into the
excavation trench and seeping under the
foundations, resulting in foundation and
structural distress.

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

The homeowner should also be aware of
damage that leaking plumbing or underground
utilities can cause, if they are aliowed to
continue leaking and providing the expansive
soils with the source of water.
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Effect of Trees. The presence of trees near a
residence is considered to be a potential
contributing factor to the foundation distress.
Our experience shows that the presence or
removal of large trees in close proximity to
residential structures can cause foundation
distress. This problem is aggravated by cyclic
wet and dry seasons in the area. Foundation
damage of residential structures caused by the
adjacent trees 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 more severe in the
periods of extreme drought. Sometimes the root
system of trees such as willow, elm, or oak can
physically move foundations and walls and cause
considerable structural damage. Root barriers
can be installed near the exterior grade beams to
a minimum depth of 36-inches, if trees are left
in place in close proximity to foundations. Itis
recommended that 'trees not be planted closer
than half the canopy diameter of the mature tree,
typically 20-feet from foundations. Any trees in
closer proximity should be thoroughly soaked at
least twice a weck during hot summer months,
and once a week in periods of low rainfali.
More frequent tree watering may be required.

Tree roots tend to desiccate the soils. In the
event that the tree has been removed prior to
house construction, during the useful life of the
house, or if the tree dies, subsoil swelling can
occur for several years. Studies have shown
that this process can last as much as 20 years in
the area where highly expansive clays are
present. In the areas where sandy soils are
present, this process does not occur.

In this case the foundation for the house should
be designed for the anticipated maximum heave.
Alternatively, the site should be left alone for
several years so that the moisture regime in the
desiccated area of the soils (where roots used to
be) become equal/stabilized to the surrounding
subsoil conditions.

Tree removal can be safe provided the tree is no
older than any part of the house, since the
subsequent heave can only return the foundation
to its original level. In most cases there is no
advantage to a staged reduction in the size of the
tree and the tree should be completely removed
at the earliest opportunity. The areas where
expansive soils exist and where the tree is older
than the house, or there are more recent
extensions to the house, it is not advisable to
remove the tree because the danger of inducing
damaging heave; unless the foundation is
designed for the total computed expected heave.

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

In the areas where too much heave can occur
with tree removal, some kind of pruning, such
as crown thinning, crown reduction or
pollarding should be considered. Pollarding
which is where most of the branches are
removed and the height of the main trunk is
reduced, is often mistakenly specified, because
most published advice links the height of the tree
to the likelihood of damage. In fact the leaf area
is the important factor. Crown thinning or
crown reduction, in which some branches are
removed or shortened, is therefore generally
preferable to pollarding. The pruning should be
done in such a way as to minimize the future
growth of the tree, without leaving it vulnerable
to disease (as pollarding often does) while
maintaining its shape. This should be done only
by a reputable tree surgeon or qualified
contractor working under the instructions of an
arboriculturist.

You may find there is opposition to the removal
or reduction of an offending tree; for example,
it may belong to a neighbor or the local
authority, or have a Tree Preservation Order on
it. In such cases there are other techniques that
can be used from within your own property.

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

Where the damage has only appeared in a period
of dry weather, a return to a normal weather
pattern may prevent further damage from
occurring. Permission from the local authority
is required before pruning the roots of a tree
with a 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 lined with an
impermeable layer to form a "permanent"
barrier to the roots. Whether the barrier will be
truly permanent is questionable, because the
roots may be able to grow around or under the
trench. However, the barrier should at least
increase the time it takes for the roots to grow
back. Root barriers serve as bio barrier root
control system and appear to perform
satisfactorily. The design of the root barrier
system should be developed in construction with
the geotechnical engineer to assume long-term
performance of the structure.

GEOTECH ENGINEERING AND TESTING

Erosion Protection .
In the event that a residence is constructed on
top of a slope, near a ravine, bayou, etc. The
homeowner must make sure that (a) the
foundation is properly designed for the specific
site conditions, and (b) proper erosion control
systems are in place to assure the stability of
the slopes and corresponding foundation
stability. A proper erosion control system may
consist of the use of grass cover, rip-rap,
concrete lining, etc. Other types of erosion
protection system can also be used.

Foundations/Flat Works

Every homeowner should conduct a yearly
observation of foundations and flat works and
perform any maintenance necessary to improve
drainage and minimize infiltrations of water
from rain and lawn watering. This is
important especially during the first six years
of a newly built home because this is usually
the time of the most severe adjustment between
the new construction and its environment. We
recommend that all of the separations in the
flat work and paving joints be immediately
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
cleaned up of debris as soon as possible. The
cracks should be backfilled with high-strength
epoxy glue or similar materials. If a
foundation experiences significant separations,
movements, cracking, the owner must contact
the builder and the engineer to find out the
reason(s) for the foundation distress and
develop remedial measures to minimize
foundation problems.©
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INTRODUCTION

The variable subsoil conditions in the Gulf Coast area has resulted in very special design
requirements for residential and light commercial foundations. The subsurface conditions should
be carefully considered when a subdivision or a residence is to be built. Proper planning from
the stand point of environmental conditions, subsidence, faulting, soil conditions, design,
construction, materials, quality control and maintenance program should be considered prior to
any development.

The purpose of this document is to recommend the scope of geotechnical work to develop soils
and foundation data for a proper and most economical design and construction of foundations in
the Houston area. It is our opinion that portions of these studies should be performed prior to
developing the subdivision or buying the lots in order to minimize potential future soils and
foundation problems. These problems may arise from the presence of hazardous waste, faulting,
poorly compacted fill, soft soil conditions, expansive soils, perched water table, presence of sand
and silts, tree roots, etc. This guideline is divided into six segments, including Pre-Development
Studies, design, construction, materials, quality control, maintenance program and foundation
stabilization. Our recommendations are presented from a geotechnical stand point only and should
be complemented by a structural engineer.

PRE-DEVELOPMENT STUDIES

Environmental Site Reconnaissance Study

Environmental site assessment studies are recommended on the tracts of land for subdivision or
commercial developments. A study like this is generally not required for a single lot in an
established subdivision or an in-fill lot in the city. This type of study is used to evaluate the
potential risk of environmental contamination that is on or used to be on a project site prior to
development. The study is divided into phases, Phases I through III.

The scope of Phase I includes a preliminary site reconnaissance, including: (a) document search,
(b) site walk through, (c) review of aerial photographs, (d) historical ownership report, (€)
regulatory data review and (f) a report of observations and recommendations.

In the event that the results of the Phase I study indicates the potential for the presence of
contaminants, a Phase II study is performed. The scope of Phase II study may include: (a) soil
and groundwater sampling, (b) chemical testing and analysis, (c) site reconnaissance, (d) contact
with state and federal regulatory personnel, and (e) reporting.

A Phase III study involves implementing the recommendations given in the Phase II study;
including remediation and monitoring.
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Subsidence

Potential subsidence problems should be considered when developing subdivisions in the coastal
areas, such as Clear Lake, Seabrook, Baytown, etc. Also, other parts of Houston, subject to
groundwater removal are also subject to subsidence. This type of study is generally not needed
for a single lot in an established subdivision or an in fill lot in the city.

Subsidence is the sinking of the land surface caused by the withdrawal of groundwater. The land
elevation lost to subsidence is generally permanent and irreversible. In the Harris-Galveston
Tegion of Texas, subsidence poses the greatest threat in the coastal areas susceptible to flooding
due to high tides, heavy rainfall and hurricane storm surge. Because of low elevation, any
additional subsidence in the coastal areas results in a significant increase in potential tidal flooding
or permanent inundation.

The rate of land subsidence in Harris County has been reduced significantly due to changes in
water development from the surface water instead of groundwater.

A review of recent subsidence data available from Harris County Subsidence District indicates that
the subsidence in areas such as Pasadena, Southwest Houston, etc. have slowed down
significantly. However, the subsidence rate in the Addick Area (West, Northwest Houston) is
about one-inch per year.

Geologic Faulting

Many faults have been observed within the Gulf Coast Region of Texas. In general, faults are
caused by groundwater and oil removal from the underlying surface. Faults originate several
thousand feet below the ground surface and can often cause displacement of the ground surface,
causing broken pavement and damage to residential and commercial structures.

Faults are studied in several phases. A Phase 1 fault study will include the first step in
identification of faulting. The scope of a Phase I investigation includes the following elements:

1. Literature Review. This includes a search for, and study of, published data on
surface faults in the area of the site.

2. Remote Sensing Study. Aerial photographs, infra-red imagery, where available,
should be studied.

3. Field Reconnaissance. This includes a visit to the study area and vicinity by a
qualified engineer to examine the area for physical evidence
of a possible fault or faults. Physical evidence includes, but
is not limited to, (a) natural topographic scarps, (b) soil layer
displacements that may be recognized in ditches, creek banks
and trenches, (c) breaks in pavements, (d) distress in existing
buildings, and (e) vertical offsets in fences.
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Once a residence is built on an active fault, the foundation for the residence will be subject to a
continual movement and subsequent distress. Foundation stabilization of structures built on active
faults can be difficult, but possible. A study of geologic faulting is recommended prior to
development of any subdivision in the Gulf-coast area.

GENERAL SOILS AND GROUNDWATER

Geology

The Houston area is located on the Gulf of Mexico Coastal Plain, which is underlain largely by
overconsolidated clays, clay shales and poorly cemented sands to a depth of several miles. Nearly
all soil of the area consists of clay, associated with moderate amounts of sand. Some of the
formations in the Houston area consist of Beaumont, Lissie, and. Bentley. T

The Beaumont formation has significant amounts of expansive clays, resulting in shrink/swell
potential. Desiccation of this formation also produces a network of fissures and slickensides in
the clay that is potential plains of weakness. The Beaumont formation generally occurs in South,
Southwest, East, and Central Houston. The Lissie and Bentley formations generally occur in
North and part of West Houston. These formations consist of generally sands and sandy clays.
These soils are generally low to moderate in plasticity with low to moderate shrink/swell potential.

General Soils Conditions

Variable soil conditions occur in the Houston area. These soils are different in texture, plasticity,
compressibility, and strength. It is very important that foundations for residential and light
commercial structures be designed for subsoil conditions that exists at the specific lot in order to
minimize potential foundation and structural distress. Details of general subsoil conditions at
various parts of the Houston area are described below. These descriptions are very general.
Significant variations from these descriptions can occur. The General soil conditions are as
follows:

Location Soil Conditions
Northwest and Northeast Houston, Generally sandy surficial soils occur in these
including Kingwood, The Woodlands, areas. The sands are generally loose and are
Cypresswood, Copperfield, Atascocita underlain by relatively impermeable clays and
area, Fairfield, Worthom, and Oaks of sandy clays. This condition promotes perched
Devonshire water table formation which results in the loss of

bearing capacity of the shallow foundations such
as a conventionally-reinforced slab or post-
tensioned slabs. This condition also may cause
subsequent foundation settlement and distress.
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South, Southwest, Southeast, and part of
West Houston including, Kirbywoods,
parts of the South Shore Harbour,
Kelliwood Gardens, Clear Lake area,
New territory, Greatwood, First Colony,
Brightwater, Vicksburg, Pecan Grove,
Woods Edge, Cinco Ranch, and Lake
Olympia.

Central Houston, including Bellaire,
Tanglewood, West University, River
Oaks.

t

Memorial area, Heights, spring Branch,
Hunter's Creek, Bunker Hill, Piney
Point, Hedwig Village.

Other Locations:

(a) Weston Lakes, Oyster Creek.

(b) Sugar Mill, Sugar Creek, Plantation
Colony, Quail Valley, Sweetwater.

GEOTECH ENGINEERING AND TESTING
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Generally highly plastic clays, and sandy clays
are present in these areas. These clays can
experience significant shrink and swell
movements. The foundations must be designed
for this condition. Parts of Cinco Ranch has a
surficial layer of sands, underlain by expansive
clays. The foundations these soils should be
designed, assuming a perched water table
condition.

Highly expansive clays, drilled footings are the
preferred foundations system. Soft soils are
observed in some lots. The soils in the River
Oaks area are generally moderately expansive.

Moderately expansive sandy clays, clays, and
sands. Special foundations must be used for
structures near ravines. Look for faults.

Very sandy soils in some areas, variable soil
conditions. Slab-at-Grade is a typical
foundation; sometimes piers. Shallow water
table at Oyster Creek. Highly expansive soils in
parts of Weston Lakes.

Highly expansive clays on top of loose silts and
sands. Variable soil conditions. A floating slab
is a typical foundation. Piers can also be used at
some locations. Soft in some lots. Shallow
water table.




Water Level Measurements

The groundwater levels in the Gulf Coast area vary significantly. The groundwater depth in the
Houston area generally ranges from 8- to 30-feet. Fluctuations in groundwater level generally
occurs as a function of seasonal rainfall variation, temperature, groundwater withdrawal, and
construction activities that may alter the surface and drainage characteristics of the site.

The groundwater measurements are usually evaluated by the use of a tape measure and weight at
the end of the tape at the completion of drilling and sampling.

An accurate evaluation of the hydrostatic water table in the relatively impermeable clays and low
permeability silt/sands requires long term observation of monitoring wells and/or piezometers.
It should be noted that it is not possible to accurately predict the pressure and/or level of
groundwater, that might occur based upon short-term site exploration. The installation of
piezometers/monitor wells is beyond the scope of a typical residential geotechnical reports. We
recommend that the groundwater level be verified just before construction if any excavations such
as construction of drilled footings/underground utilities, etc. are planned.

The geotechnical engineer must be immediately notified if a noticeable change in groundwater
occurs from the one mentioned in the same report. The geotechnical engineer should then evaluate
the affect of any groundwater changes on the design and construction of the facilities.

Some of the groundwater problem areas in Houston include Southside Place, parts of Sugar land,
etc. One should not confuse the perched water table with the groundwater table. A perched water
table occurs when bad drainage exists in areas with a sand or silt layer, about two- to four-foot
thick, underlain by impermeable clays and sandy clays. During the wet season, water can pond
on the clays and create a perched water table. The surficial sands/silts become extremely soft, wet
and may lose their load carrying capacity.

DESIGN

Foundations and Risks

Many lightly loaded foundations are designed and constructed on the basis of economics, risks,
soil type, foundation shape and structural loading. Many times, due to economic considerations,
higher risks are accepted in foundation design. Most of the time, the foundation types are selected
by the owner/builder, etc. It should be noted that some levels of risk is associated with all types
of foundations and there is no such thing as a zero risk foundation. All of these foundations must
be stiffened in the areas where expansive soils are present and trees have been removed prior to
construction. The following are the foundation types typically used in the area with increasing
levels of risk and decreasing levels of cost:
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FOUNDATION TYPE REMARKS

Structural Siab with Piers This type of foundation (which also includes a pier and beam foundation with a crawl space)
is considered to be a minimum risk foundation. A minimum crawl space of six-inches or larger
is required. Using this foundation, the floor slabs are not in contact with the subgrade soils.
This type of foundation is particularly suited for the areas where expansive soils are present and
where trees have been removed prior to construction. The drilled footings must be placed
below the potential active zone to minimize potential drilled footing upheaval due to expansive
clays. In the areas where non-expansive soils are present, spread footings can be used instead
of drilled footings.

Slab-On-Fill Foundation This foundation system is also suited for the area where expansive soils are present. This

Supported on Piers system has some risks with respect to foundation distress and movements, where expansive
soils are present. However, if positive drainage and vegetation control are provided, this type
of foundation should perform satisfactorily. The fill thickness is evaluated such that once it is
combined with environmental conditions (positive drainage, vegetation control) the potential
vertical rise will be minimum. The structural loads can also be supported on spread footings
if expansive soils are not present.

.

Floating (Stiffened) Slab Supported The risk on this type of foundation system can be reduced sizably if it is built and mainfained
on Piers. The Slab gan either be with positive drainage and vegetation control. Due to presence of piers, the slab can move up
Conventionally-Reinforced or Post- if expansive soils are present, but not down. In this case, the steel from the drilled piers should
Tensioned not be dowelled into the grade beams. The structural loads can also be supported on spread
footings if expansive soils are not present.
Floating Slab Foundation The risk on this type of foundation can be reduced significantly if it is built and maintained with
(Conventionally-Reinforced positive drainage and vegetation control. No piers are used in this type of foundation. Many
or Post-Tensioned Slab) of the lightly-loaded structures in the state of Texas are built on this type of foundation and are

performing satisfactorily. In the areas where trees have been removed prior to construction and
where expansive clays exists, these foundations must be significantly stiffened to minimize the
potential differential movements as a result of subsoil heave due to tree removal.

The above recommendations, with respect to the best foundation types and risks, are very general.
The best type of foundation may vary as a function of structural loading, house geometry, and soil
types. For example, in some cases, a floating slab foundation may perform better than a drilled
footing type foundation.

Foundation Types

Residential structures in the Houston area are supported on drilled footings, post-tensioned slabs,
or conventionally reinforced slabs. In general, properly designed post-tensioned slabs or
conventionally-reinforced slabs perform satisfactory on most subsoils. Drilled footings may
provide a superior foundation system when large slabs, significant offsets or differential loading
occurs on the foundations.

The selection of foundation is a function of economics and the level of the risk that the client
wants to take. For example, a structural slab foundation is not used for a track home that costs
about $100,000. This type of foundation is used for houses that cost usually much more
expensive. In general, floating slab type foundations are used with houses with price ranges of
less than $200,000 or when subsoil conditions dictates to use this type of foundation.
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Geotechnical Foundation Design Criteria

Foundations for a residential structure should satisfy two independent design criteria. First, the
maximum design pressure exerted at the foundation base should not exceed the allowable net
bearing pressure based on an adequate factor of safety with respect to soil shear strength.
Secondly, the magnitude of total and differential settlements (and shrink and swell) under sustained
loads must be such that the structure is not damaged or its intended use impaired.

It should be noted that properly designed and constructed foundation may still experience distress
from improperly prepared bearing soils and/or expansive soils which will undergo volume change
when correct drainage is not established or an incorrectly controlled water source becomes
available.

The design of foundations should be performed by an experienced structural engineer using a soils
report from an experienced soils engineer. The structural engineer must use a lot/site specific soils
report for the foundation design. The structural engineer should not use general subdivision soils
reports written for underground utilities and paving for the slab design. Furthermore, he should
not design slabs with disclaimers, requiring future soils reports to verify his design. The designers
or architects should not provide clients with foundation design drawings with generic foundations
details. All of the foundation drawings should be site and structure specific and sealed by a
professional structural engineer.

Recommended Scope of Geotechnical Studies

Soil testing must be performed on residential lots before a foundation design can be developed.
The recommended number of borings should be determined by a geotechnical engineer. The
number of borings and the depths are a function of the size of the structure, foundation loading,
site features, and soil conditions. As a general rule, a minimum of one boring for every five lots
should be performed for subdivision lots. This boring program assumes that a conventionally-
reinforced slab or a post-tensioned slab type foundation is going to be used. Furthermore, many
lots will be tested at the same time so that a general soils stratigraphy can be developed for the
entire subdivision. In the event that a drilled footing foundation is to be used, a minimum of one
boring per lot is recommended. In the case of variable subsoil conditions, two or more borings
per lot should be performed. A minimum of two borings is recommended for custom homes or
a single in-fill lot. A minimum boring depth of 15-feet is recommended for the design of post-
tensioned or conventially-reinforced slabs. The boring depths for the design of drilled footing
foundations should be at least 15-feet deep. In the event that the lot is wooded and expansive soils
are suspected, the boring depth (if drilled footings are to be used) should be increased to 20-ft.
On the wooded lots, when the presence of expansive soils are suspected the borings should be
drilled near the trees, if possible. Root fibers should be obtained to estimate the active zone depth.
The active zone depth is defined as the depth within which seasonal changes in moisture
content/soil suction can occur. In general, the depth of active zone is about two-feet below the
lowest root fiber depth.
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The borings for the residential lots should be performed after the streets are cut and fill soils have
been placed and compacted on the lots. This will enable the geotechnical engineer to identify the
fill soils that have been placed on the lots. All fill soils should have been tested for compaction
during the placement on the lots. A minimum of one density test for every 2500 square feet per
lift must be performed once a subdivision is being developed. Fill soils may consist of clays, silty
clays, and sandy clays. Sands and silts should not be used as fill materials. Typical structural fill
in the Houston area consists of silty clays and sandy clays (not sands) with liquid limits less than
40 and plasticity index between 10 and 20. The fill soils should be placed in lifts not exceeding
eight-inches and compacted to 95 percent of the maximum dry density (ASTM D698-91). On-site
*soils with the exception of sands can also be used as structural fill under floating slab foundations.
A floating slab foundation is defined as a conventionally-reinforced slab and a post-tensioned slab.

In the case of a subdivision development, the developer should perform only the borings for the
streets and underground utilities. The borings for the lots should wait until all fill soils from street
and underground utility excavations are placed and compacted on the lots. In general, the
geotechnical testing of the soils for the lots should be the builders responsibility. We recommend
that all of the foundations in the subdivision be engineered by a registered professional engineer
specializing in residential foundation design.

In the areas where no fill will be placed on the lots prior to site development, the borings on the
lots can be performed at the same time as the time as the borings for streets. The soils data from
the street and underground borings should never be used for the slab design. This is due to
potential in variability in the soil conditions, including soils stratigraphy, compressibility, strength,
and swell potential.

Soil borings must be performed prior to foundations underpinning for distressed structures. This
is to evaluate the subsoil properties below the bottom of the drilled footings. The depth of drilled
footings for foundation underpinning should be determined by a geotechnical engineer.
Unfortunately, this is not always followed, and many "so called" foundation repair jobs are
performed incorrectly, causing significant financial loss for the client.

In the event of building additions, a minimum of one boring is recommended on residential
additions of less than 1,000 square feet. A minimum of two borings is recommended for additions
greater than 1,000 square feet.

In general, a scope of typical geotechnical exploration does not include the evaluation of fill
compaction. These studies should have been performed at the time of fill placement.
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Foundation Design Considerations

In the areas where highly expansive soils are present, the drilled footings should be founded in a
strong soil stratum below the zero movement line. This depth is defined as the depth below which
no upward movements occur. It is possible to found a drilled footing below the zero movement
line and within the active zone depth. The active zone is defined as the zone within which
seasonal changes in subsoil moisture can occur. This is shown on Plate 1. Drilled footings in the
area with deep active zones, where trees are present, and subsoils are expansive can be as much
as 18-feet deep. The depth of drilled footings should also be determined such that the uplift along
the pier shafts be resisted by the presence of bells or shaft skin friction below the zero movement
line. The depth of the active zone should be verified by a geotechnical exploration. The
evaluation of active zone depths and zero movement line should be performed using the techniques
provided in the 1996 Post-Tensioning Institute Slab-on-Grade Design Manual. Drilled footings
founded at shallower depths may experience uplift due to expansive soils. In the areas where non-
expansive soils are present, the footing depth can be as low as eight-feet.

The grade beams for a floating slab foundation should penetrate the clay soils a minimum of 12-
inches. The grade beam penetrations for a floating slab foundation into the surficial sands should
be at least 18-inches to develop the required bearing capacity. A minimum grade beam width of
12-inches is recommended in sands and silts. i

In the event that a floating slab (post-tensioned slab or a conventionally-reinforced slab) is
constructed in sands or silts, the geotechnical engineer must specify bearing capacity, assuming
saturated subsoil conditions. This results in bearing capacities in the range of 600- to 900 psf in
a typical sand or silt soils in the Houston area. Higher bearing capacity values can be used if the
sands/silts do not get saturated during the life of the residence. This assumption is generally
unrealistic due to the presence of sprinkler systems, negative drainage, and cyclic rainfall in the
Houston area.

Design parameters for a post-tensioned slab on expansive clays must carefully evaluated by a
geotechnical engineer. It should be noted that the 1996 post-tensioned slab design manual does
not directly model the poor drainage, the effect of the trees, and the depth of the active zone. The
geotechnical engineer must modify the design parameter presented in the manual to come up with
the proper design parameter. It should be noted that it is currently very difficult (to impossible)
to design economical floating slab foundations on expansive soils on wooded lots where trees are
to be removed prior to slab construction.

Floor Slabs

The floor slabs for foundations supported on drilled footings may consist of (a) structural slabs
with crawl space, (b) slab-on-fill or (c) slab-on-grade.
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A structural slab should be used when a minimum risk foundation is to be used. This type of floor
slabs are generally expensive. A slab-on-fill will be less expensive than a structural slab with
crawl space. The fill thickness in areas where expansive soils are present should be about 18-to
48-inches. The higher fill thickness should be used in areas such as Bellaire, Tanglewood, New
Territory, etc, where highly expansive clays exists (plasticity indices above 50).

In the event that a structural slab foundation is used, the crawl space area should be properly
drained so that any water would drain towards the exterior grade beams. Furthermore, the area
should be properly vented.

The floor slabs can be supported at grade on drilled footings if the subsoils are non-expansive.
All of the subgrade soils should be prepared in accordance to the soils report site preparatlon
section prior to fill placement. -

Yoid Boxes

Void boxes are historically used under the grade beams to separate the expansive soils from the
grade beams. The void boxes collapse once the underlying expansive soils swell up; thereby
minimizing uplift loads as a result of expansive soils on the grade beams. This can be an effective
feature for reducing potential pressures on grade beams.

In areas of poor drainage, void boxes may act as a pathway for water to travel under a foundation
system. This condition may result in an increase in subsoil moisture contents and subsequent
swelling of the soils. This may result in uplift loads on the floor slabs, and subsequent distress
to the foundation and structural system.

We recommend that the decision on whether or not to use void boxes be made by the
owner/builder after both the positive and negative aspects of this issue are evaluated. Based on
our and other experts personal experience with void boxes, it is our opinion that they will not
provide an effective feature for reducing swell pressure on the grade beams. In general, the
validity of void box usage is presently being questioned because of the frequency of observed
negative effects which may outweigh its benefits.

Site Drainage

It is recommended that site drainage be well developed. Surface water should be directed away
from the foundation soils (use a slope of about 5% within 10-feet of foundation). No ponding of
surface water should be allowed near the structure.
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Residential Structures Constructed near the Bayous

Many large residential structures are being build near the bayous. Portions of the slopes on the
bayous are very steep with slopes steeper than 3(h):1(v). The foundations for residences near the
bayous must be provided by the use of deep drilled footings/piling. The geotechnical boring
depths should be at least twice the depth of the bayou.

Any foundation which falls within the hazard zone which extends from the toe of the slope,
extending backward on a 4(h):1(v) slope to the existing grade should be supported on deep
foundations. Foundations outside the hazard zone may be supported on shaliow piers. The floor
slabs in the hazard zone should consist of a structural slab. The floor slabs outside the hazard zone
may consist of slab-on -fill or slab-on-grade. No skin friction should be used for piers within the
hazard zone from the surface to the toe of the slope elevation. e

We recommend the stability of bayou slopes be evaluated using a slope-stability analyses, using
computer solutions. The house should be placed on top of the siope and the stability of the slope
for global stability should be evaluated. The slopes should then be flattened and covered with
erosion protection to minimize potential sloughing and erosion problems.

CONSTRUCTION

Site Preparation

Our recommendations on site preparation are summarized below:

1. In general, remove all vegetation, tree roots, organic topsoil, existing foundations, paved
areas and any undesirable materials from the construction area. Tree trunks under the floor
slabs should be removed to a root size of less than 0.5-inches. We recommend that the
stripping depth be evaluated at the time of construction by a soil technician.

2. Any on-site fill soils, encountered in the structure and pavement areas during construction,
must have records of successful compaction tests signed by a registered professional
. engineer that confirms the use of the fill and record of construction and earthwork testing.
These tests must have been performed on all the lifts for the entire thickness of the fill.
In the event that no compaction test results are available, the fill soils must be removed,
processed and recompacted in accordance with our site preparation recommendations.
Excavation should extend at least two-feet beyond the structure and pavement area.
Alternatively, the existing fill soils should be tested comprehensively to evaluate the degree

of compaction in the fill soils.
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The subgrade areas should then be proofrolled with a loaded dump truck, scraper, or
similar pneumatic-tired equipment. The proofrolling serves to compact surficial soils and
to detect any soft or loose zones. Any soils deflecting excessively under moving loads
should be undercut to firm soils and recompacted. The proofrolling operations should be
observed by an experienced geotechnician.

Scarify the subgrade, add moisture, or dry if necessary, and recompact to 95% of the
maximum dry density as determined by ASTM D 698-91 (Standard Proctor). The
moisture content at the time of compaction of subgrade soils should be within -1 to +3%
of the proctor optimum value. We recommend that the degree of compaction and moisture
in the subgrade soils be verified by field density tests at the time of construction. We
recommend a minimum of four field density tests per lift or one every 2500 square feet of
floor slab areas, whichever is greater. .
Structural fill beneath the building area may consist of off-site inorganic silty clays or
sandy clays with a liquid limit of less than 40 and a plasticity index between 10 and 20.
In the event that a floating slab foundation system is used, on-site soils (with the exception
of sands or silts), free of organics, can be used as structural fill. Other types of structural
fill available locally, and acceptable to the geotechnical engineer, can also be used.

These soils should be placed in loose lifts not exceeding eight-inches in thickness and
compacted to 95 percent of the maximum dry density determined by ASTM D 698-91
(Standard Proctor). The moisture content of the fill at the time of compaction should be
within +2% of the optimum value. We recommend that the degree of compaction and
moisture in the fill soils be verified by field density tests at the time of construction. We
recommend that the frequency of density testing be as stated in Item 4.

The backfill soils in the trench/underground utility areas should consist of select structural
fill, compacted as described in Item 4. In the event of compaction difficulties, the trenches
should be backfilled with cement-stabilized sand or other materials approved by the
Geotechnical Engineer. Due to high permeability of sands and potential surface water
intrusion, bank sands should not be used as backfill material in the trench/underground
utility areas.

In cut areas, the soils should be excavated to grade and the surface soils proofrolled and
scarified to a minimum depth of six-inches and recompacted to the previously mentioned
density and moisture content.

The subgrade and fill moisture content and density must be maintained until paving or floor

slabs are completed. We recommend that these parameters be verified by field moisture
and density tests at the time of construction.
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In the areas where expansive soils are present, rough grade the site with structural fill soils
to insure positive drainage. Due to their high permeability of sands, sands should not be
used for site grading where expansive soils are present.

We recommend that the site and soil conditions used in the structural design of the
foundation be verified by the engineer's site visit after all of the earthwork and site
preparation has been completed and prior to the concrete placement.

Other Construction Considerations

1.

Grade beam excavations should be free of all loose materials. The bottom of the
excavations should be dry and hard.

Surfigial subgrade soils in the floor slab areas should be compacted to a minimum of 95%
of Standard Proctor Density (ASTM D 698-91). This should be confirmed by conducting
a minimum of four field density tests per slab, per lift.

Minimum concrete strength should be 3,000 psi with a maximum slump of 5-inch.
Concrete workability can be improved by adding air to the concrete mix and the use of a
concrete vibrator. The concrete slump and strength should be verified by slump tests and
concrete cylinders.

The Visqueen, placed under the floor slabs, should be properly stretched to maximize soil-
slab interaction.

In the areas where expansive soils are present, the backfill soils for the underground
utilities under the floor slabs should consist of select fill and not sands or silts. The
cohesionless backfill can act as a pathway for surface water to get under the foundation and
resulting in subsoil swelling. In the event that a floating slab is used, on-site soils (not
sands or silts), free of organics, can be used as structural fill.

Tree stumps should not be left under the slabs. This may result in future settlement and
termite infestation.

MATERIALS

The use of proper materials is crucial to the performance of a foundation system. Some of the
relevant material issues is as follows:

(]

o

Inadequate concrete strength.

Reinforcement, steel grade.
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0 Improperly manufactured post-tensioned materials.

0 The geotechnical technician must check the earthwork testing, concrete pier, installation,
and concrete placement.

QUALITY CONTROL

General

Construction monitoring and quality control tests should be planned to verify materials and
placement in accordance with the project design documents and specifications. Earthwork
observations on the house pad, pad thickness measurements, drilled footing installation
monitoring, apd concrete placement monitoring should be performed. Details of each of these
items is described in the following paragraphs.

Earthwork Observations

The subgrade and fill soils under the floor slabs should be compacted to about 95 percent of
maximum dry density (ASTM D 698-91). Furthermore, the fill soils should be non-expansive.
Atterberg limit tests should be performed on the fill soils, obtained from the borrow pit, to
evaluate the suitability of these soils for use as structural fill and their shrink/swell potential.
Expansive soils, of course, should not be used as structural fill. In the event that a floating slab
foundation is used, on-site soils with the exception of sands/silts can be used as structural fill.

Field density tests should be conducted on the subgrade soils and any borrow fill materials in the
floor slab and pavement areas. In the areas where expansive soils are present, about 18- to 36-
inches of structural fill is placed under the floor slab areas. Laboratory proctor tests will also be
performed on the on-site soils as well as off-site borrow fill materials to evaluate the moisture-
density relationship of these soils.

Fill Thickness Verification

Fill soils may have to be placed on the lots to raise the lot or to provide a buffer zone in between
the on-site expansive soils and the floor slabs. We recommend that the required thickness of the
fill be verified after the completion of the building pad. This task can be accomplished by drilling
two borings to a depth of two-feet in the building pad area, examining and testing the soils to
verify the fill thickness.

Drilled Footing Observations

In the event that the structure is supported by drilled footings, we recommend that the installation
of the footings be observed by a geotechnical technician.
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The technician will conduct hand penetrometer tests on the soil cuttings to estimate the bearing
capacity of the soil at each footing location. He will make changes to the foundation depth and
dimensions if obstacles or soft soils are encountered. Therefore, minimizing costly construction
delays. In addition, the technician must verify the bell size by a bell measurement tool. One set
of concrete cylinders (four cylinders) will be made for each 50 yards of pour. Two cylinders will
be broken at seven days, and two cylinders at 28 days.

Concrete Placement Monitoring

* The concrete sampling and testing in the floor slab and placement areas will be conducted in
accordance with ASTM standards. A technician will monitor batching and placing of the concrete.
At least four concrete cylinders should be made for each 50 yards floor slab pour. Two concrete
cylinders are tested at seven days and two cylinders at 28 days.

HOMEOWNER MAINTENANCE PROGRAM
Introduction

Performance of residential structures depends not only on the proper design and construction, but
also on the proper foundation maintenance 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 resulted in considerable financial loss to the
homeowners, builders, and designers in the form of repairs and litigation.

A properly designed and constructed foundation may still experience distress from vegetation and
expansive soil which will undergo volume change when correct drainage is not established or
incorrectly controlled water source becomes available.

The purpose of this document is to present recommendations for maintenance of properly designed
and constructed residential projects in Houston. It is recommended that the builder submit this
document to his/her client at the time that the owner receives delivery of the house.

Drainage

The initial builder/developer site grading (positive drainage) should be maintained during the
useful life of the residence. In general, a civil engineer develops a drainage plan for the whole
subdivision. Drainage sewers or other discharge channels are designed to 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 present, positive drainage should be provided away from
the foundations. Changes in moisture content 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.
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Positive drainage is extremely important in minimizing soil-related foundation 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 significant foundation damage as a result of negative drainage.

The most commonly used technique for grading is a positive drainage away from the structure to
promote rapid runoff and to avoid collecting ponded water near the structure which could migrate
down the soil/foundation interface. This slope should be about 3 to 5 percent within 10-feet of
‘the foundation.

Should the owner change the drainage pattern, he should develop positive drainage by backfilling
near the grade beams with fill compacted to 90 percent of the maximum dry density as determined
by ASTM D ,698-91 (standard proctor). This level of compaction is required to minimize
subgrade settlements near the foundations and the subsequent ponding of the surface water. The
fill soils should consist of silty clays and sandy clays with liquid limits less than 40 and plasticity
index (PI) between 10 and 20. Bank sand or top soils are not a select fill. The use of Bank sand
or top soils to improve drainage away from a house is discouraged; because, sands are very
permeable. In the event that sands are used to improve drainage away from the structure, one
should make sure the clay soils below the sands have a positive slope (3 - 5 Percent) away form
the structure, since the clay soils control the drainage away from the house. The on-site soils (not
sand or silts), free of organics, can be used as structural fill.

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 catch basin areas should be filled with compacted soil (sandy clays or silty
clays not bank sand) to have a positive slope from the structure, or drains should be provided to
promote runoff from the water catch basin areas. Six to twelve inches of compacted, impervious,
nonswelling soil 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, etc.) sometimes excavate next to the exterior grade beams and created depressions and
low spots in order to stay cool during the hot season. This condition will result in ponding of the
surface water in the excavations next to the foundation and subsequent foundation movements.
These movements can be in the form of uplift in the area with expansive soils and settlement in
the areas with sandy soils. It is recommended as a part of the foundation maintenance program,
the owner backfills all excavations created by pets next to the foundation with compacted clay fill.
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Grading and drainage should be provided for structures constructed on slopes, particularly for
slopes greater than nine percent, to rapidly drain off water from the cut areas and to avoid
ponding of water in cuts or on the uphill side of the structure. This drainage will also minimize
seepage through backfills into adjacent basement walls.

Subsurface drains may be used to control a rising water table, groundwater and underground
streams, and surface water penetrating through pervious or fissured and highly permeable soil.
Drains can help control the water table in the expansive soils. Furthermore, since drains cannot
stop the migration of moisture through expansive soil beneath foundations, they will not prevent
long-term swelling. Moisture barriers can be placed near the foundations to minimize moisture
migration under the foundations. The moisture barriers should be at least five-feet deep in order
to be effective.

Area drains ¢an be used around the house to minimize ponding of the surface waterr next to the
foundations. The area drains should be checked periodically to assure that they are not clogged.

The drains should be provided with outlets or sumps to collect water and pumps to expel water if
gravity drainage away from the foundation is not feasible. Sumps should be located well away
from the structure. 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 drain or 1 percent should be provided).

Positive drainage should be established underneath structural slabs with crawl space. This area
should also be properly vented. Absence of positive drainage may result in surface water ponding
and moisture migration through the slab. This may result in wood floor warping and tile
unsticking. Furthermore, The crawl space area should be properly vented.

It is recommended that at least six-inches of clearing be developed between 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 at residential projects in North 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 settlements and bearing capacity
failures. Foundations in these areas should be designed assuming saturated subsoil conditions.

In general, roof drainage systems, such as gutters or rain dispenser devices, are recommended all
around the roof line when gutters and downspouts should be unobstructed by leaves and tree limbs.
In the area where expansive soils are present, the gutters should be connected to flexible pipe
extensions so that the roof water is drained at least 10-feet away from the foundations. Preferably
the pipes should direct the water to the storm sewers. In the areas where sandy soils are present,
the gutters should drain the roof water at least five-feet away from the foundations.
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If a roof drainage system is not installed, rain-water will drip over the eaves and fall next to the
foundations resulting in subgrade soil erosion, and creating depression in the soil mass, which may
allow the water to seep directly under the foundation and floor slabs.

The home owner must pay special attention to 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 cause significant subsoil movements. The
-introduction of water to sandy soils can result in reduction in soil bearing capacity and subsequent
settlement. 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 lines can be
significant and can result in localized swelling in the soils, resulting in foundation distress.

Landscaping ‘

General. A house with the proper foundation, and drainage can still experience distress if the
homeowner does not properly landscape and maintain his property. One of the most critical
aspects of landscaping is the continual maintenance of properly designed slopes.

Installing flower beds or shrubs next to the foundation and keeping the area flooded will result in
a net increase in soil expansion in the expansive soil areas. The expansion will occur 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 resulting
differential swell of foundation and structural distress 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 to the foundations. This condition assumes that the foundations
are designed for saturated 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, etc.

Sprinkler Systems. Sprinkler systems can be used in the areas where expansive soils are present,
provided the sprinkler system is placed all around the house to provide a uniform moisture
condition throughout the year.

The use of a sprinkler system in parts of Houston where sandy soils are present should not pose
any problems, provided the foundations are designed for saturated subsoil conditions with positive
drainage away from the structure.

18

GEOTECH ENGINEERING AND TESTING




-

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 not be used as
backfill. These soils should be properly compacted to minimize water flow into the excavation
trench and seeping under the foundations, resulting in foundation and structural distress.

The sprinkler system must be checked for leakage at least once a month. Significant foundation
movements can occur if the expansive soils under the foundations are exposed to 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 to continue leaking and providing the expansive soils with the source
of water.

Effect of Trees. The presence of trees near a residence is considered to be a potential contributing
factor to the foundation distress. Our experience shows that the presence or removal of large trees
in close proximity to residential structures can cause foundation distress. This problem is
aggravated by cyclic wet and dry seasons in the area. Foundation damage of residential structures
caused by the adjacent trees indicates that foundation movements of as much as 3- to 7-inches can
be experienced in close proximity to residential foundations.

This condition will be more severe in the periods of extreme drought. Sometimes the root system
of trees such as willow, elm, or oak can physically move foundations and walls and cause
considerable structural damage. Root barriers can be installed near the exterior grade beams to
a minimum depth of 36-inches, if trees are left in place in close proximity to foundations. It is
recommended that trees not be planted closer than half the canopy diameter of the mature tree,
typically 20-feet from foundations. Any trees in closer proximity should be thoroughly soaked
at least twice a week during hot summer months, and once a week in periods of low rainfall.
More frequent tree watering may be required.

Tree roots tend to desiccate the soils. In the event that the tree has been removed prior to house
construction, subsoil swelling can occur for several years. Studies have shown that for certain
types of trees this process can last as much as 20 years in the areas where highly expansive clays
are present. In this case the foundation for the house should be designed for the anticipated
maximum heave.

Furthermore, the drilled footings, if used, must be placed below the zone of influence of tree
roots. In the event that a floating slab foundation is used, we recommend the slab be stiffened to
resist the subsoil movements due to the presence of trees. In addition, the area within the tree root
zone may have to be chemically stabilized to reduce the potential movements. Alternatively, the
site should be left alone for several years so that the moisture regime in the desiccated areas of the
soils (where tree roots used to be) become equal/stabilize to the surrounding subsoil moisture
conditions.
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Tree removal can be safe provided the tree is no older than any part of the house, since the
subsequent heave can only return the foundation to its original level. In most cases there is no
advantage to a staged reduction in the size of the tree and the tree should be completely removed
at the earliest opportunity. The areas where expansive soils exist and where the tree is older than
the house, or there are more recent extensions to the house, it is not advisable to remove the tree
because the danger of inducing damaging heave; unless the foundation is designed for the total
computed expected heave.

In general, in the areas where non-expansive soils are present, no foundation heave will occur as
< result of the tree removal.

In the areas where too much heave can occur with tree removal, some kind of pruning, such as
crown thinning, crown reduction or pollarding should be considered. Pollarding, in which most
of the branches are removed and the height of the main trunk is reduced, is often mistakenly
specified, because most published advice links the height of the tree to the likelihood of damage.
In fact the leaf area is the important factor. Crown thinning or crown reduction, in which some
branches are removed or shortened, is therefore generally preferable to pollarding. The pruning
should be done in such a way as to minimize the future growth of the tree, without leaving it
vulnerable to disease (as pollarding often does) while maintaining its shape. This should be done
only by a reputable tree surgeon or qualified contractor working under the instructions of an
arboriculturist.

You may find there is opposition to the removal or reduction of an offending tree; for example,
it may belong to a neighbor or the local authority, or have a Tree Preservation Order on it. In
such cases there are other techniques that can be used from within your own property.

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

Where the damage has only appeared in a period of dry weather, a return to normal weather
pattern may prevent further damage occurring. Permission from the local authority 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 lined with an impermeable layer
to form a "permanent” barrier to the roots. Whether the barrier will be truly permanent is
questionable, because the roots 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.
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Foundations/Flat Works

Every homeowner should conduct a yearly observation of foundations and flat works and perform
any maintenance necessary to improve drainage and minimize infiltrations of water from rain and
lawn watering. This is important especially during the first six years of a newly built home
because this is usually the time of the most severe adjustment between the new construction and
its environment. We recommend that all of the separations in the flat work and paving joints be
immediately 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 cleaned
up of debris as soon as possible. The cracks should be backfilled with high-strength epoxy glue
or similar materials. If a foundation experiences significant separations, movements, cracking,
the owner must contact the builder and the engineer to find out the reason(s) for the foundation
distress and develop remedial measures to minimize foundation problems.

FOUNDATION STABILIZATION
General

Several methods of foundation stabilization are presented here. These recommendations include
foundation underpinning, using drilled footings or pressed piling, moisture barriers, moisture
stabilization, and chemical stabilization. Some of these methods are being used in the Houston
area. A description of each method is summarized in the following sections of this document.

Foundation Underpinning

Foundation Underpinning, using drilled footings or pressed piling has been used in the Houston
area for a number of years. The construction of a drilled footing consists of drilling a shaft, about
12-inches in diameter (or larger) constructed underneath the grade beam. The shaft is generally
extended to depths ranging from 8 to 12-feet below existing grade. The bottom of the shaft is then
reamed with an underreaming tool. The hole is then backfilled with steel, concrete, and the grade
beams are jacked to a level position and shimmied to level the foundation system.

In a case of pressed piling, precast concrete piers are driven into the soils. These pier attain there
bearing capacity based on the end bearing and the skin friction. In general, the precast concrete
units are about 12-inches in height, six-inches in diameter and jacked into the soil. It is important
the precast pier foundations are driven below the zero movement line to resist the uplift loads as
a result of underlying expansive soils. Some of these jacked piles may consist of perma-piles,
ultra piles, cable lock piles, etc.
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The use of drilled footings/pressed piles should be determined by a geotechnical/structural
engineer. Each one of these foundation systems have their pluses and minuses. Neither of these
foundations can resist upward movement of the slabs. In general, they only limit the downward
movement of the slabs. The pressed piles may not resist uplift loads as a result of skin friction
of expansive soil if they are not connected with a cable or reinforcement. Therefore, if the units
are not properly connected, they will not provide any tensile load transfer. The construction of
each method should be monitored by an experienced geotechnical/structural engineer.

Helical piles which consist of Helical auger drilled into the soils provide a good method for
-underpinning, especially in the areas where sand, silts, shallow water table or caving clays are
present. The helical piles are drilled into the soils until the desired resistance to resist the
compressive loads are achieved. The augers are then fitted with a bracket and jacked against the
grade beams to lift and to level the foundations. S

Interior foundations may be required to level the interior of the residence. This can be
accomplished by installing interior piers, tunneling under foundations and using pressed piling,
or the use of polyurethane materials injected at strategic locations under the slab. The use of
tunneling to install interior piers may introduce additional problems, such as inadequate
compaction of backfill soils under the slab. However, the author has never encountered such a
problem with pressed piling.

Partial underpinning is used in the areas where maximum distress is occurring under a slab. The
use of full underpinning which includes placement of piers/pressed piling underneath all
foundations is not necessarily a better method of stabilizing foundations. Many foundations are
performing satisfactorily with partial underpinning. In the event that foundation underpinning is
used, the home owners should put into place a foundation maintenance program to prevent
additional foundation distress as a result of changes in subsoil moisture content.

Moisture Stabilization

Moisture Stabilization can be an effective method of stabilizing subsoil shrink swell movements
in the ares where expansive soils are present. This method of stabilization is not effective in the
areas where sands are present such as north of Harris County in areas such as Kingwood, Fairfield
and The Woodlands. This method could be effective in the areas of highly expansive soils such
as Tanglewood, Bellaire, West University, River Oaks, South Houston, and Southwest Houston.
The method uses a porous pipe that is placed around the perimeter of the foundation and is
connected to a water pressure system. A timer turns the water on and off depending on the subsoil
moisture conditions, the moisture conditions around the perimeter of the house are monitored by
moisture sensors. In general, the purpose of the system is to stabilize the moisture content around
the slab to a uniform condition; therefore, minimizing the extremes of shrink and swelling
problems. As it was mentioned earlier, the use of this method can result in major problems in the
areas where sandy soils are present.
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Moisture Barriers

Moisture barriers can be used to isolate subsoil moisture variations in the areas where expansive
soils are present. This can be as a result of surface water, groundwater, and tree root systems.
In general, a moisture barrier may consist of an impermeable filter fabric, placed just outside the
grade beams to depths ranging from five- to seven-feet. The moisture barriers can be horizontal
or vertical. A horizontal moisture may consist of a sidewalk attached the exterior grade beams.
The waterproofing between the moisture barrier and the exterior grade bearns are very important.
The connection should be completely sealed so that surface water can not penetrate under the
horizontal moisture barrier. In general, it may take several years for the moisture barriers to
effectively stabilize the moisture content underneath the floor slabs. A minimum vertical moisture
barrier depth of five-feet is recommended.

Chemical Stabilization 7

This method of foundation stabilization has not been used in the Houston area routinely; however,
it has been used for many projects in Dallas and San Antonio areas. The purpose of chemical
stabilization is to chemically alter the properties of expansive soils; thus, making it non-expansive.
In a chemical stabilization technique, the chemicals which may consist of lime or other chemicals
are injected into the soil to a depth of about 7-feet around the perimeter of the structure. The
chemical stabilization may (a) chemically alter the soil properties, and (b) provide a moisture
barrier around the foundation. In general, this type of stabilization is effective when the chemicals
are in intimately mixed with the soil. This can occur in soils that exhibit fissured cracks and
secondary structures. This method of stabilization is not effective in the areas where soils do not
experience significant cracking.

Regardless of what method of foundation stabilization is used, the homeowner maintenance with
respect to proper drainage and landscaping is extremely important for success of any method.

RECOMMENDED QUALIFICATIONS FOR THE GEOTECHNICAL ENGINEER
We recommend that the geotechnical engineer should have the following qualifications:

o Engineer must have several years experience in the same geographical area where the work
‘'will take place (i.e. proven designs in a given area).

0 A Professional Engineer (P.E.) designation with a geotechnical engineering background
should be required. A civil engineer with a master's degree or higher is preferred. The
civil engineer must have a geotechnical engineering specialty.

0 The geotechnical engineering firm must have a A2LA Laboratory certification in
geotechnical engineering.

0 The firm must have professional liability insurance with errors and omissions.

administ\guide.98
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pti POST-TENSIONING
P&l | \STITUTE

> 1717 W. Northern Avenue, Suite 114
Phoenix, Arizona 85021

Telephone (602) 870-7540
July 28, 1999 FAX: (602) 870-7541

Mr. John Speed, PE

Executive Director

Texas Board of Professional Engineers
1917 IH 35 South

Austin, TX 78741

Re: Texas Board of Professional Engineers
Policy Advisory 09-98-A

Dear John: .
I am writing to you on behalf of the Post-Tensioning Institute and at the direction of our Executive
Committee with respect to the above noted policy.

First, let me assure you that PTI and its members strongly support the goals and purpose of Policy
Advisory 09-98-A as outlined on page 1 of the policy. However, we have become increasingly
concerned with the potential use and application of this Policy Advisory. Although the Policy Advisory
clearly states that the Residential Foundation Committee (RFC) reports are not a part of the document
) and have no official standing, the reality is that some persons may be using the RFC reports in a manner
not intended by the Board. They are, given the legal environment in which we operate, making_the RFC
reports a part of the Policy Advisory, in an effort to create new unintended areas of liability for
designers, P/T suppliers and installers.

The Institute’s concern is with Appendix A - Interim Procedures for Determining PTI parameters from
the Design Sub-Committee report. In the body of the report (on page S) it refers to Appendix A as “an
acceptable technique” for developing the PTI parameters. It goes on to state it "is a modification of the
PTI manual procedures and has been recommended by the senior author of the publication.” The
Institute’s publication was developed, reviewed, revised and voted on by a committee of 30 members.
No one member is responsible for the entire work. There was and is no "senior author". PTI supports and
endorses the concept of consensus-based documents and has attempted to follow such guidelines in
production of all of its publications including the "Design and Construction of Post-Tensioned Slabs-on-
Ground.” However, since the full PTI Slab-on-Ground Committee has never had an opportunity to
review and evaluate the technique (as described in Appendix A) and vote on it through the consensus-
based process, the Institute by this letter must go on record and state that it cannot at this time endorse it
and wishes to make it clear that it is not sanctioned by the Post-Tensioning Institute in anyway.

Several weeks ago I requested that the PTI Slab-on-Ground Committee undertake a review and
evaluation of this modified technique and report back to me with a schedule for completion of this task
following the consensus-based process throughout. Because of the urgent nature of this issue, Ken
Bondy, the chairman of this committee, has indicated to me, he feels his committee could complete this
review and deliver a recommendation to the Institute by the end of October.

The Institute welcomes the guidelines as they relate to evaluation and repair of existing foundations and
have so far received favorable feed back on these provisions. Our concerns are related to creating a level

A NON-PROFIT ORGANIZATION FOR ADVANCEMENT OF POST-TENSIONED PRESTRESSED CONCRETE DESIGN AND CONSTRUCTION



Mr. John Speed, PE - Executive Director
Texas Board of Professional Engineers
Page 2

July 28, 1999

playing field for the design of all engineered foundations. Given the present direction of the design
report and the practical application of Appendix A to only P/T slab-on-ground design, this is clearly not
the case. As the policy guideline itself states on page two under Board Rule 22 TAC 131.151(a)
"Inherent in this rule is the notion that an engineer is to provide an optimized, cost-effective design"
(emphasis added). That notion and your own interpretation of Board Rule 22 TAC 131.151(b) that
"Engineers must perform their design in a manner which can be favorably measured against generally
accepted standards or procedures” are being put at risk by what appears to be occurring in the
marketplace.

Although the Pqlicy Advisory is not a part of any building Code, at least one major city has already
advised those designing and/or inspecting engineered residential foundations that they may have legal
responsibility under this Policy Advisory. The Policy Advisory on page one makes reference to the
reports upon which the policy was written and while stating that "although the RFC's reports are not a
part of this policy” (emphasis added) it further goes on to state "they provide an interesting and quite
valuable commentary on various aspects of engineering related to residential foundation" and then
directs persons to where copies of these reports can be obtained. This has the effect of forcing designers
to obtain these reports and to base their designs on the recommendations contained therein. Otherwise,
in the hands of a skillful lawyer, the designer would be potentially exposed to numerous cases of
nuisance lawsuits and increased liability exposure. How would a jury regard a designer who did not
follow to the letter the recommendations of a professional engineering board committee upon which a
formal Policy Advisory was written? PTI believes that this may be an unintended consequence and an
oversight, and respectfully suggests that clarification of the Policy Advisory would be helpful.

While not trying to diminish the valuable contribution of numerous volunteers and the great service this
Policy Advisory will ultimately create, the Institute is nevertheless gravely concerned with the policy’s
current effect in the marketplace and especially on the design of post-tensioned slabs-on-ground. On this
point, I would like to recommend that a meeting be arranged between members of PTI’s Slab-on-Ground
Committee and members of the Texas Board of Professional Engineer and its Design Sub-Committee to
discuss our concerns and agree on an action plan to mitigate these issues while ensuring the ultimate goals
and objectives of both the Texas Board of Professional Engineers and PTI are maintained and achieved.

Looking forward to hearing from you on this matter.

Yours very truly,

POST,TENSIONING INSTITUTE
/ZA&A/ % 4 é&/ﬁ

erard McGuire
Executive Director

CC: PTI Slab-on-Ground Committee members
PTI Executive Committee
Doug Rohrman - PTI legal counsel



KIRBY T. MEYER, P.E.
2804 Longhorn Boulevard
Austin, Texas 78758
(5612) 835-7000
(612) 835-4975 fax
Email: ktmeyer@mlaw-eng.com

PROFESSIONAL REGISTRATION

Registered Professional Engineer No. 23228 - State of Texas

*

ACADEMIC BACKGROUND
Bachelor of Science in Civil Engineering in 1957, Texas A & M University.
Master of Science in Civil Engineering in 1959, Texas A & M University.

Post-graduate work at Harvard University in 1969 -- Dr. Arthur Casagrande’s specialized
course for teachers and practicing engineers in geotechnical engineering.

Other post-graduate experience includes approximately 30 credit hours at the University of
Texas at Austin in the areas of soil structure interaction and geotechnical engineering.
Specialized training includes week long seminars in HEC-1 Hydrology and HEC-2
Hydraulics, upgrading water treatment plants, biological waste treatment, and
chemical/physical treatment of wastewater at the University of Texas.

Attendance at numerous seminars and technical continuing education courses in the areas
of management, geotechnical engineering, foundation engineering and drainage.

Teaching undergraduate laboratory strength of materials and co-instructor of foundation
case studies, both at the University of Texas at Austin.

Presenter of numerous seminars to builders, contractors, engineering societies at state and
local level, and building inspectors, all of which pertain to geotechnical engineering and
foundation engineering.

BUSINESS EXPERIENCE
1959 through 1962 - United States Air Force, primarily as a base civil engineering officer.

1962 through 1964 - Frank G. Bryant & Associates, a geotechnical and construction
materials testing laboratory in Austin.

1964 to present - Owner, Director, Officer and Principal Engineer in MLAW Consultants
and Engineers and predecessor organizations, active in structural and geostructural
design, pavement engineering, and forensic engineering. Structrual Engineer of Record on
hundreds of commercial buildings, apartments, shopping Centers, warehouses, custom
homes, retaining walls and over 20,000 single family residences. Civil Engineer of Record
for several hundred land development and municipal projects, including subdivisions,
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municipal utility districts, roads, water and wastewater treatment plants, lines, pumping
stations, stand pipes and drainage works.

1985 to present - Owner, Director, President and Principal Engineer in MLA Labs, Inc., a
geotechnical and construction materials testing laboratory. Geotechnical Engineer of
Record for over 10,000 site investigations for buildings, bridges, subdivisions, pavements,
utilities, industrial facilities and utility plants.

1996 to present - Owner, Director, President of Geostructural Tool Kit, Inc., a software
development and applications consulting company serving engineers in the areas of soil-
*  structure interaction and unsaturated soil mechanics.

PUBLICATIONS

“Foundation Design in Swelling Clays”, with R.L. Lytton, presented to Texas Section ASCE,
Fall meeting 1966. Recipient of John B. Hawley award.

“Comparison of Performance of Slab-on-Ground Foundations on Expansive and Non-
Expansive Soils”, with W.L. Snowden, presented to Texas Section ASCE, Fall meeting, 1968.

“Stiffened Mats on Expansive Clay”, with R.L. Lytton, July 1971, Journal of Soil Mechanics
and Foundation Division, ASCE.

“Utilities for Underground Structures”, presentation at the conference Alternatives in Energy
Conservation: The Use of Earth Covered Buildings, July, 1975.

“Pavement Design for a Major Truck Terminal in Houston", presented to Texas Section
ASCE, Spring meeting, 1979.

“A New Breakthrough in Technology - Roller Compacted Concrete Pavement”, article in
Texas Civil Engineer, June 1987.

“Experiences with Roller Compacted Concrete Pavement’, presented to Texas Section
ASCE, Fall meeting, 1987.

“Experiences with Roller Compacted Concrete Pavement in Austin”, presented to Twenty-
Fifth Paving and Transportation Conference, University of New Mexico, Albuquerque, January,
1988.

“Roller Compacted Concrete Pavement: New Application of Old Technology”, presented to
American Concrete Institute Convention, Houston, Texas, November 1988.

“Defining Foundation Failure”, presented to Texas Section ASCE, Fall meeting, 1991.
“Pavement Design for Cargo Terminal at the Port of Corpus Christi Authority, Corpus
Christi, Texas”, presented to the American Association of Port Authorities Facilities Engineering

Workshop, Corpus Christi, 1999, with William Goidston, P.E.

In addition, Mr. Meyer is the author of a long running series of newsletters “Foundation
Topics” distributed in Central Texas.
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DRAFT
9/15/99

Report of Design Sub-Committee of the
Residential Foundation Committee
Texas Board of Professional Engineers

1.0 INTRODUCTION

Approximately 2 to 1 billion dollars is spent per year in the state for construction
of residential foundations. Their function is to properly support a residential
structure without permitting unusual distress or unsafe conditions to occur. The
vast majority of foundations constructed in Texas consist of shallow, stiffened
and reinforced slab-on-ground foundations. Many of these foundations have to
be placed on expansive clays or fills, which must be stable to adequately support
the foundation. Other types of foundations include suspended pier and beam,
pier and beam constructed on grade, and strip or spread footing type
foundations.

The situation of residential foundations which are slab-on-ground in contact with
expansive clay soils creates one of the most complex design problems to be
encountered in structural engineering. The problem is a soil-structure interaction
problem with the added complexity of the soil support conditions changing in
response to environmental factors. In this context of technical complexity it is
easy for inadequate design procedures or no design procedures to be utilized.
The results of poor design and construction of a foundation are sometimes not
noticed for several years after the construction is completed.

Because engineered foundations are not required by typical building codes for
residential structures, many houses are constructed each year without benefit of
engineering input. When such un-regulated structures are placed on problem
sites considerable financial loss can occur including over-design, and distress of
structures. This report addresses the three problems of lack of engineering
requirements, inadequate engineering and poor construction phase practices
with regard to residential foundations.

It is not the intent of this report to provide a prescriptive process for design of
residential foundations, but to present a methodology which will produce a
professional service. Other methods which produce comparable results could be
used.

2.0 RECOMMENDED ACTIONS OF CITY AND COUNTY BUILDING
OFFICIALS

It is recommended that the Board of Registration encourage local and state
legislation promoting the inclusion in local building codes of a requirement for
engineered foundations for residences on sites where any of the following
conditions exist: the weighted Pl using a weight of 3 for upper 5 feet, or the 2 for



middle 5 feet and 1 for lower 5 feet. Pl of the upper three feet, which ever is
greater, has a value greater than 20, the site settlement potential exceeds one
inch under the expected structure loads, the structure will be structurally
supported over man made fill, when PVR is greater than 1 inch, or sites with
geologic hazards. If any of the above conditions exist, the local officials should
require an “engineered foundation” as defined below.

3.0 MODEL STANDARD OF PRACTICE

3.1

3.2

3.3

Definition of “Engineered Foundation”

An engineered foundation is defined as one for which design is based
on adequate site specific geotechnical information embodied in a.
report and prepared by a geotechnical engineer; the design of the
foundation is performed by a foundation or structural engineer; and
construction phase activities are observed with proper documentation.

Design Professional’s Roles and Responsibilities

The geotechnical investigation and report shall be conducted under
the supervision of and properly sealed by a geotechnical engineer.
The design of the foundation shall be performed by a foundation or
structural engineer and sealed by that person. The geotechnical and
structural engineering may be performed by the same individual,
provided that individual is sufficiently qualified in both disciplines.

The foundation design engineer will be the foundation engineer of
record and this individual shall be responsible for performing the
construction phase observations personally, by staff members under
his direct supervision, or by outside agencies who are under his direct
control. Quality control testing of construction materials as required by
the foundation plans, may be provided by an independent testing
laboratory, employed by others, provided reports are provided to the
foundation engineer of record. The foundation engineer of record shall
issue a compliance letter at the conclusion of construction activities
stating that, to the best of his knowledge, the foundation was
constructed in substantial accordance with the plans and specifications
and any authorized modifications. Any modifications, additions, or
alterations to the construction of the foundation shall be done by
proper change order or modification authorized by the foundation
engineer of record.

Geotechnical Investigation

3.31 Information to be Assembled by Geotechnical Engineer
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Prior to laying out the investigative program, the geotechnical
engineer will obtain the following, when available: a plat or map
of the subdivision, local topography maps, aerial photographs,
the existing grades and proposed final grading plan, geological
outcrop maps, fault maps (if appropriate), soil conservation
service report, and general information concerning the
characteristics of the structures to be built.

3.32 Minimum Field Investigation Program

The geotechnical engineer will lay out the proposed
investigative program including the location and depths of
borings, sampling procedures and laboratory testing required.
A minimum investigative program for subdivisions shall cover
the geographic and topographic limits of the subdivision, and
shall examine believed differences in geology in sufficient detail
to provide information and guidance for secondary
investigations, if any. As a minimum standard for believed
uniform subsurface conditions borings shall be placed at a
maximum 300 foot centers across a subdivision. Non-uniform
subsurface conditions may require additional borings. A single
lot investigated in isolation shall have a minimum of one boring
or more placed as determined jointly by the geotechnical
engineer in consultation with the foundation engineer. Borings
should be a minimum of 15 feet in depth unless confirmed
bedrock is encountered at less depth. In certain circumstances,
some borings should be placed near trees to obtain depths of
probable root penetration. Borings shall extend through any fill
or potentially compressible materials even if greater depths are
required. All borings shall be sampled by either augured
samples or semi-disturbed samples at a minimum interval of
one per two feet of boring in the upper 10 feet and at 5 foot
intervals below that. Borings shall either be sampled and
logged in the field by a geotechnically trained professional or all
borings shall be sampled as described such that a geotechnical
engineer may examine and confirm the driller's logs in the
laboratory.

Investigative borings may either be by drill rig or by test plt
provided the depth requirements are satisfied.

Sites which are obviously rock with outcrops showing or easily

discoverable by shallow test pits may be investigated and
reported without resort to drilled borings.
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Presence of roots shall be logged by depth in all borings.

Intermittent or aquifer water levels shall be noted in borings that
indicate groundwater and if material to needs of the project.
Observations shall be based on a minimum of one hour
observation of the bore holes or pits.

During the field investigations, sketches shall be made of the
apparent extent of fill, seepage areas, major vegetation and
approximate slopes. The presence of fence lines, old roads or
trails or other manmade constructions should also be noted in
addition to the borings.

If appropriate, fault studies shall be performed.
3.33 Minimum Laboratory Testing Program

Sufficient laboratory testing shall be performed to identify all
significant strata found in the borings across the site. Testing
need not be done in every boring provided sufficient correlation
can be obtained between borings by a qualified geotechnical
professional. Characterization of each significant stratum shall
include the moisture content profiles, Atterberg limits, laboratory
or field penetrometer estimates of cohesion and the Unified
System classification. Additional testing required for each
significant stratum will include hydrometer testing to determine
the percent fine clay (-2 micron size) and the -#200 sieve size
percentage.

At least one volume change/pressure relationship test is
recommended to be performed for each significant clay stratum
if deemed necessary by the geotechnical engineer. On sites
with more than seven feet of expansive clay soils, defined as
having plasticity indices greater than 20, it is recommended that
at least 1 out of every 10 borings have sufficient samples
obtained to provide an in-situ moisture content test and soil
suction test at two foot intervals to the entire depth of the
boring.

All laboratory testing shall be generally in accordance with
ASTM Standards.

3.34 Site Characterization
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The geotechnical engineer shall characterize the site for design
purposes. If shallow foundations are recommended, report for
each lot in the project the Soil Support parameters (including e,
and y,, for edge and center lift modes) as found in Appendix “A”,
bearing capacity and the presence and condition of fill. In
addition, the geotechnical report shall indicate the approximate
slopes of each lot and discuss whether downhill creep or other
instability may be present. Vegetation shall be noted as well as
other visible or known features such as seeps, manmade
improvements, fence lines or other linear features and their
impact on design. |If the site is subject to settlement, an
estimate shall be made of the probable settlement based on the
proposed structure loading and soil properties. In lieu of the
above recommendations, alternate recommendations may be
provided by the geotechnical engineer if so requested by the
foundation engineer.

The Soil Support parameters shall be developed by calculation
using formulations compatible with the principles of unsaturated
soil mechanics. Refer to Appendix A for an acceptable
technique. These procedures are applicable to all types of
shallow foundations on expansive soils, whether reinforced with
re-bars or post-tensioning.

If pier and beam foundations are to be recommended, the
bearing capacity and establishment depth of piers shall be
calculated and values of skin friction or alternate reinforcing
steel shall be recommended to be used in uplift and down drag
calculations as well as bearing analysis of the piers shall be
calculated. The piers shall be anchored below the depth where
vertical movement is calculated to be zero or this depth may be
based on extensive local experience based on measurements.
This depth will be greater within the root zones of major
vegetation.

Lateral pressures to be applied in design of retaining type
structures shall be determined by the geotechnical engineer.

3.35 Geotechnical Report

Geotechnical reports shall contain, as a minimum, an
introduction of the project, the investigative procedures, the
laboratory testing procedures utilized, the results of laboratory
testing, the geologic conditions, slopes, logs of borings and
plans showing boring location, a plan showing areas of
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probable fill in existence at the time of the investigation and, as
appropriate, other features such as seeps, vegetation or
lineations and man-made structures.

Reports shall contain specific recommendations for the
foundation engineer to use for the design of foundations for
each lot on the project, including suitable foundation types and,
as appropriate, the Soil Support parameters for each lot,
shallow bearing values, deep foundation bearing and skin
friction as well as depth of establishment, lateral pressures for
use in designing retaining structures or deep grade beams, and
other specific recommendations concerning site construction.
Sufficient geotechnical data shall be included to permit the
foundation engineer of record to adjust design inputs for specific”

' needs of the design. In lieu of the above recommendations,
alternate recommendations may be reported if requested by the
foundation engineer. The report shall be prepared, signed and
sealed by a geotechnical engineer.

3.36 Fill

The presence and methods of dealing with existing and
proposed fill to be placed during construction shall be discussed
by the geotechnical engineer in his report. Fill criteria useful for
design and construction of residential foundations may be seen
in Appendix B. s

mrr——

3.4 Design of Foundations
3.41 Information to be Assembled by Foundation Engineer

w M) The foundation engineer shall assemble or be provided by his
g y\éé client the subdivision plan, the topography of the area including
FUAILAN XY original and proposed final grades, the geotechnical report, the
X g architectural floor plan of the structure and sufficient additional

re architectural information to determine the magnitude,

construction materials and location of structural loads on the
foundation. If exposed or architectural concrete is to be used in
finished concrete surfaces, this information should be provided
to the foundation engineer.

3.42 Design Procedures

The foundation engineer shall utilize a procedure that will
provide designs that will meet minimum criteria of either the
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Standard Building Code 1997 Section 1804.3.3.3 or Uniform
Building Code 1997 Section 1815, 1816, for the design of slab-
on-ground foundations for potentially expansive clay sites.
Geotechnical procedures shall be those of Section 3.

Foundations utilizing piers with suspended slab and beams
shall be designed by building code procedures.

Soil supported slab-on-ground foundations with piers shall be
designed as a stiffened slab on ground by above procedures
and piers shall not be attached to the slab or grade beams.

Permissibie design deflection ratios of residential foundatlons
shall meet the following criteria:

Construction Permissible Foundation
Deflection Ratios*
Masonry Walls 1/800
Sheetrock Interior Walls - 1/480
Edge or Center Lift Mode
Full Span Roof Trusses - 1/960
Edge Lift Mode

* Deflection ratio is defined as (A)/L where (4) is the vertical movement at the center
of a symmetrical bowl shaped depression or mound and L is the distance from side
to side of the considered depression or mound.

Foundations which will span between piers, or slab panels
which span between stiffener beams or perimeter beams or
other points of load transfer, shall be designed to meet the
above deflection criteria assuming all dead loads and live loads.

3.43 Minimum Plan and Specification Information

The engineer's drawings shall show a plan view of the
foundation locating all major structural components and
reinforcement. Details shall be shown to indicate construction
and dimensions of stiffener beams, piers, retaining walls,
drainage details, etc.,if such features are integral to the
foundation. Drawings shall contain sufficient information for the
proper construction and observation by field personnel.
Specifications shall include the reinforcing or pre-stressing
cables and hardware; concrete specifications including
compressive strengths; notes concerning existing or proposed

WPDC_SERVER\1-Admin\Kirby T. Meyer Committees\TBPE Committee\TSBE Report\FINAL REPORT.doc 7



fill, nearby existing and known future vegetation and the
required design features to accommodate these conditions; and
the schedule of required inspections.

Minimum perimeter and lot drainage requirements shall be
shown or noted on the plan.

Plans shall be specific for each site or lot location and shall
include the client's name and engineer's name, address and
telephone number and the geotechnical data and source used.

3.44 Foundation Engineer’s Specification for Fill

The foundation engineer’s plans shall address fill existing at the
time of the design or to be placed during construction of the
foundation and shall require any fills which are to support the
bearing elements of the foundation to be tested and approved
by a geotechnical engineer assisted by a qualified laboratory.
Bearing elements of a suitably designed slab-on-ground
foundation are defined as the bottoms of exterior or interior
stiffener beams. Such approval shall include a summary report
by the geotechnical engineer of the methods and results of
investigation and testing that were used and a statement that
the existing or placed fills are suitable for support of a shallow
soil-supported slab-on-ground or that the foundation elements
should penetrate the fill to undisturbed material. See also
Appendix B for more detailed information on fills.

3.5 Construction Phase Observation
3.51 Responsibility for Observations

The foundation engineer of record will be responsible for
performing observations of construction personally or having
them performed by a staff member under his direct supervision
or by an independent third party agency qualified to do such
observation, which reports to the foundation engineer of record.
In any event, the responsibility for issuing the final compliance
report shall rest with the foundation engineer of record. Fills
which are to support bearing elements of a foundation shall be
tested and approved by a geotechnical engineer, assisted by a
qualified laboratory.

3.52 Minimum Program of Observation
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At a minimum, foundations should be ingpected as applicable to
see that fill conditions are satisfied in gtcordance with the plans
and specifications; piers are observed|for proper placement and
depth, concrete and reinforcin@rlclyiteb} bservation of all
foundation elements immediately concrete placement;
observation of concrete placement; and a stressing observation
noting and comparing the elongation of each cable to the
calculated elongation and the stressing load applied to each
cable.

3.53 Compliance Letter

At the satisfactory accomplishment of all the requirements of
the plans and specifications, the foundation engineer of record
shall provide a letter to the client indicating the geotechnical
data and source used in the design; the design procedures
used; the construction observation performed and results; and,
as appropriate, a statement concerning the methodology of
dealing with fill, either by satisfactory compaction compliance or
by penetration; and the methodology of dealing with slopes,
vegetation and drainage. The letter shall conclude with a
statement that, in his opinion, the construction of the foundation
was in substantial conformance with the engineer's plans and
specifications including any modifications or alterations
authorized.

4.0 REFERENCES

“Design and Construction of Post-Tensioned Slabs-on-Ground”, 2™ Edition, (PTI
Manual) Post Tensioning Institute, Phoenix, 1996.

American Society for Testing and Materials, West Conshohocken, Pennsylvania.

Standard for Residential Foundations on Expansive Clay (Draft), American
Society of Civil Engineers, Reston, Virginia, 1999.

“Prediction of Movement in Expansive Clay”, Vertical and Horizontal
Deformations of Foundations and Embankments, Geotechnical Special

Publication No. 40, Lytton, R.L., Yeung, A.T., and Félio, G.Y., ed., ASCE, New
York, New York, Vol. 2, 1827-1845, 1994,
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APPENDIX A

Procedures for Determining Soil Support Parameters
For Shallow Foundations on Expansive Soil Sites

(APPENDIX A IS BEING RE-WRITTEN)



APPENDIX B

Fill Guidelines



FILL GUIDELINES

FILL

Fill is frequently a factor in residential foundation construction. Fill may be placed on a site at
various times. [f the fill has been placed prior to the geotechnical investigation, the geotechnical
engineer should note fill in the report. Fill may exist between borings or be undetected during the
geotechnical investigation for a variety of reasons. The investigation becomes more accurate if
the borings are more closely spaced. Occasionally, fill is placed after the geotechnical
investigation is completed, and it may not be detected until foundation excavation is started.

If uncontrolled fill (see discussion below) is discovered later in the construction process, for
instance, by the Inspector after the slab is completely set up and awaiting concrete, great expense
may be incurred by having to remove reinforcing and forms to provide penetration through the fill.
Therefore, it is important to identify such materials and develop a strategy for dealing with them
early on in the construction process. Fill can generally be divided into three types:

Engineered fill -
Forming fill *

Uncontrolled fill

Engineered fill is that which has been designed by an engineer to act as a structural element of a
constructed work and has been placed under engineering inspection, usually with density testing.
Engineered fill may be of at least two types. One type is “embankment fill,” which is composed of
the material randomly found on the site, or imported to no particular specification, other than that it
be free of debris and trash. Embankment fill can be used for a number of situations if properly
placed and compacted. “Select fill” is the second type of engineered fill. The term “select” simply
means that the material meets some specification as to gradation and P.l., and possibly some
other material specifications. Normally, it is placed under controlled compaction with engineer
inspection. Examples of select fill could be crushed limestone, specified sand, or crusher fines
which meet the gradation requirements. Select underslab fill is frequently used under shallow
foundations for purposes of providing additional support and stiffness to the foundation, and
replacing a thickness of expansive soil. Engineered fill should meet specifications prepared by a
qualified engineer for a specific project, and includes requirements for placement, geometry,
material, compaction and quality control.

Forming fill is that which is typically used under residential foundation slabs and is variously
known as sandy loam, river loam or fill dirt. Forming fill is normally not expected to be heavily
compacted, and no wise designer will rely on this material for support. The only requirements are
that this material be non-expansive, clean, and that it works easily and stands when cut. If
forming fill happened to be properly compacted and inspected in accordance with an engineering
specification it could be engineered fill. When designing a foundation for this type of fill, the beam
bottoms must penetrate it completely and slab panels should be designed to span between
beams if more than 48" will exist below the slab panels.

Uncontrolled fill is fill that has been determined to be unsuitable (or has not been proven
suitable) to support a slab-on-ground foundation. Any fill that has not been approved by a
qualified geotechnical engineer in writing will be considered uncontrolled fill. Uncontrolled fill may
contain undesirable materials and/or has not been placed under compaction control. Some
problems resulting from uncontrolled fill include gradual settlement, sudden collapse, attraction of
wood ants and termites, corrosion of metallic plumbing pipes, and in some rare cases, site
contamination with toxic or hazardous wastes.



BUILDING ON FILL

To establish soil supported foundations on fill, the typical grid beam, stiffened slab foundation is
required to penetrate through forming fill or uncontrolled fill with the perimeter and interior
beam bottoms forming footings. Penetration will take the load supporting elements of the
foundation below the unreliable fill. Penetration could be done by deepened beams, spread
footings or piers depending on the depth and the economics of the situation. Generally, piers are
most cost effective once the fill to be penetrated exceeds about 3 feet, but this depends on the
foundation engineer’s judgment and local practice.

Pre-existing, uncontrolled fill can be approved through proper investigation by the foundation
engineer or a geotechnical engineer. The approval may depend on whether or not the fill is fairly
shallow, free of trash, the age of the fill, and the results of testing and proof rolling. These
procedures should be performed under the observation and approval of the engineer, who must
be able to expressly state after his investigation that the fill is capable of supporting a residential
slab-on-ground foundation.
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Variation of Soil Suction with Depth in
Dallas and Fort Worth, Texas

JoHN T. BRYANT

The variation of soil suction and the estimate of constant soil suction with
depth is used to design many slab-on-grade foundations and pavement
moisture barriers. The Post-Tensioning Institute's design procedures for
slab-on-grade foundations and design of vertical pavement moisture bar-
riers use the constant suction at depth to predict differential soil move-
ments that influence shear, deflection, and moment magnitudes and the
effective barrier depth. Constant soil suction estimates can be correlated
to the climate or Iong-lep’n weather conditions at any given site by using
the Thomthwaite moisture index (TMI), which estimates the amount of
net moisture surplus or deficit from precipitation and evapotranspiration
of moisture from the ground surface. On the basis of the empirical curves,
the constant value of total soil suction for the Dallas-Fort Worth, Texas
(DFW) area is about 246 kPa based on an average TMI of 0. Analysis of
more than 1,200 total soil suction laboratory tests performed on devel-
oped and undeveloped lots indicates that the measured average total soil
suction value in the upper 6 m is closer to 979 kPa for the DFW area rang-
ing between 55 kPa and 11,246 kPa during the 1995-1997 period. Some
hypothesized reasons for the difference between the empirical and mea-
sured equilibrium (constant) soil suction values are amounts of clay, clay
origin, variable plasticity indexes, soluble salt content, and equilibration
curve differences.

The variation of soil suction and the estimate of the constant soil
suction with depth is used in the design of many slab-on-grade
foundations. By using the Post-Tensioning Institute’s (PTI’s) de-
sign method, the design of posttensioned slab-on-grade foundations
uses the value of constant suction at depth to aid in the prediction of
differential soil movements, which influence the shear, deflection,
and moment magnitudes affecting these foundation systems (/).
Further, the design of vertical moisture barriers for pavement
structures and foundations uses the constant soil suction values
and the depth to constant soil suction to estimate the effective dépth
of the barrier. .

The estimate of the constant soil suction value can be made on the
basis of the climate or long-term weather’cpndilions at any given
site. This climatic variable is called the Thomthwaite moisture index
(TMI) (2) and is used to determine the amount of net moisture sur-
plus or deficit as a result of precipitation and evapotranspiration of
moisture from the ground surface. TheTMI is a characteristic of a
site’s climatic influences over a dislinct"period. A better estimate of
the average value of the characteristic constant soil suction is
obtained by using longer periods of clitnatic data for a given site.

The predicted values of soil suction based on the TMI are corre-
lated to published curves (/,3). These curves predict slightly differ-
ent constant soil suction values for respective TMI values, as shown
in Figure 1. For the Dallas—Fort Worth, Texas (DFW) area the con-
stant value of total soil suction is on the order of 246 kPa based on
an average TMI of 0.

Bryant Consultants, Inc., 4394 Westgrove, Dallas, TX 75248.

TOTAL SOIL SUCTION

Soil suction, also known as potential, is a measure of the free energy
content of soil water. The theory of soil suction and the related equip-
ment and methods used in its measurement are well-documented.
The measurement of suction can be obtained.by direct or indirect
method. The filter paper method is an indirect measurement in
which the filter paper serves as a passive sensor. The basic principle
of this method is that a filter paper, after an equilibrium period,
exchanges moisture with the soil at a specific soil suction. This
occurs because the relative humidity inside the soil specimen con-
tainer is controlled by the soil water content and suction. Following
the equilibrium period, the filter paper will have absorbed moisture
cquivalent to the relative humidity in the container, and the corres-
ponding suction in the filter paper will be the same as that in the soil
specimen.

LABORATORY TESTING

Measurements of the total soil suction used in this research were
performed on undisturbed soil samples taken in the field at depths
ranging from 0.3 m to more than 12 m below the ground surface
using nominal 76-mm-diameter seamless tube samplers. The sam-
ples were packaged in the field and were wrapped in foil and placed
in a plastic bag to prevent desiccation. Transportation of the soil
samples to the laboratory typically occurred within several hours of
the sampling.

Laboratory testing of the soil samples for total soil suction were
performed in accordance with ASTM D5298-93. The total soil suc-
tion test involved placing the soil samples into sealed containers
with calibrated filter papers and aliowing approximately 7 days for
the relative humidity within the container to come into equilibrium
with the pore water vapor pressure inside the soil interstices.

Deviations from the ASTM D5298-93 apparatus requirements
were as follows:

1. Whatman No. 42 ashless 55-mm filter paper was used. No
special pretreatment of the filter paper was applied.

2. A 348-mL polyethylene specimen container was used instead
of a metal or glass container. The container had a clamp seal.

3. Two wraps of electrical tape, approximately 6 mm wide, were
used instead of the flexible plastic electrical tape to further seal the
outside lid—container connection.

4. Rubber O-rings were used instead of a screen wire or brass
discs to separate the filter papers during equilibration.

All weighing and transfer of the filter papers from the specimen
container into the metal weighing container was performed by a
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trained laboratory geotechnician or by the author. The filter paper
moisture contents were converted to suction values by using the
Whatman No. 42 calibration curve given in ASTM D5298-93.

GEOLOGIC CONDITIONS OF AREA

The DFW area lies within the Upper Cretaceous and Lower Creta-
ceous sedimentary rock and Quaternary aged alluvial deposits. The
sedimentary rock strata dip gradually toward the south and south-
east and increase in age from east to west. The sedimentary strata
present from approximately the east boundary to the west boundary
of the area consist of the following, in order: Ozan-Lower Taylor
marl; Austin chalk limestone; Eagle Ford shale; Woodbine forma-
tion including sands, clays shales, and sandstones; Main Street/Paw
Paw limestone; and Paluxy formation consisting predominantly of
sands and sandstone strata. The interbedded sedimentary rock for-
mations typically are dissected by the Trinity River and its tribu-
taries, which have deposited Quaternary aged sands, silts, sandy
clays, and gravel along the present and ancient channels and flood
plains of these rivers and creeks. Samples from all of these forma-
tions are combined in the analysis of the total soil suction variation
across the DFW area.

ANALYSIS AND DISCUSSION OF RESULTS

Figure | provides a graphical comparison of the Russam-Coleman
and PTI soil suction curves as functions of the TMI. The soil suc-
tion values are reported in pF units (logarithm to the base 10 of the
negative pore pressure in centimeters of water). The curves are of
similar shape, although the Russam-Coleman curve overpredicts the
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PTI curve for dry climates with TMI values less than -10. Con-
versely, the Russam-Coleman curve underpredicts the PTI curve for
wet climates with TMI valuces greater than 0.

The DFW area is approximately bounded by the TMI values of
—10 to 10 with an average value on the order of 0. The Russam-
Coleman and the PTI curves indicate that the equilibrium suction for
soils in the DFW area arc on the order of 246 kPa. Howcever, the
curves shown in Figure | appear to underpredict the actual measured
values of the total soil suction values for the DFW area measured
between 1995 and 1997.

Figures 2, 3, and 4 show the variation of the total soil suction with
depth across the DFW area during 1995 through 1997. Soil samples
were taken in both developed and undeveloped areas so that a range
of the total soil suction valucs preconstruction and postconstruction
could be estimated. Figurcs 2, 3, and 4 represent 1,225 separate
independent laboratory measurements of total soil suction using the
filter paper method. Figure 2 presents the suction profile measured
in 1995, and Figures 3 and 4 present the suction profiles measured
in 1996 and 1997, respectively. Table | presents a statistical sum-
mary of the soil suction data collected for this study. The results of
these soil suction tests fall between 10 kPa (2 pF) and 97 948 kPa
(6 pF), which arc considered to be extreme values for soil suction at
the field capacity and an extreme controlling dry suction.

Review of Figures 2, 3, and 4 reveals that the total soil suction is
most variable at the surface of the ground, becoming slightly less
variabie with depth. Table | indicates that the average total soil suc-
tion valuces are on the order of 979 kPa (4 pF) for the DFW area over
the fast 2.5 years. This number is substantially higher than the value
of 246 kPa (3.3 to 3.4 pF) predicted by Russam-Coleman or PTI
from Figure 1, and it underpredicts the actual measured total soil
suction value for the DFW area between 1995 and 1997. The skew
shown in Figure 4 in the 1997 results most probably is due to the

B Russam-Coleman (1961)
¢ PTI(1996)

/

Suction (pF units)

Soil

-60 -50 -40 -30 -20 -10

0 10 20 30 40 S0 60

Thornthwaite Moisture Index

FIGURE1 Comparison of Post-Tensioning Institute and Russam-Coleman soil suction variation with Thornthwaite moisture index.
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influence of more rock measurements at depth, which increase the
total soil suction values because of their internal fabric, lower
moisture content, and composition.

Table | also indicates that the range of total soil suction values
tends to decrease from about 2.313 in 1995 to about 1.63 in 1997.
This corresponds, as shown in Figure 5, to a progression from a
near-normal precipitation period experienced in 1995 and early
1996 to an above-normal or wet period from the last part of 1996 ta
1997 in the DFW area.

A cursory visual analysis of the soil suction data indicates that the
residual clay and sandy clay soils weathered in place from the par-
ent rock materials typically have highergotal sdi_l'suction values than
the alluvial soils. The alluvial soils tend to have lower total soil suc-
tion values corresponding more closely to those predicted in the
Russam-Coleman diagram. Quantitative a?alysis of this hypothesis
should be the subject of future research. °,

.

TABLE 1 Statisticdl Summary of Total Soil Suction Measurements
in pF Units, Dallas-Fort Worth, 1995-1997

YEAR 199§ 1996 1997
AVERAGE 4.1384 4.1675 4.2482
MEDIAN 4.15 4.18 4.26
COUNT 252 308 665
MINIMUM 2.75 2.76 3.30
MAXIMUM 5.06 4.82 4.93
RANGE 2.313 2.06 1.63
STANDARD 0.3303 0.3606 0.3233
DEVIATION

Another fundamental question to answer for future rescarch is
“What is the mechanism responsible for the differences between the
empirical or theoretical predictions of soils suction based on the

.. TMI and the actual obscrved ficld measurements?” Some hypoth-

cses for this mechanism (o explain the differences between empir-
ical predictions of total soil suction and the actual measured values
arc as follows:

* Residual clay and sandy clay soils that weathered from the par-
ent material in place may have more complete rock fabric and
cementation than the alluvial clay and sandy clay soils deposited by
recent river or creck processes;

¢ Different amounts of clay with alluvial soils may contain more
silty and sand fractions;

® Variable plasticily indexes may be present;

* Amounts of soluble salts may be higher in residual clays
weathered in a semiarid climate; and

* There may be differences in equilibration curves for a highly
structured residual rock fabric versus the alluvial deposited clay soils.

Lytton (4) found discrepancies between the empirical Russam-
Coleman relation and observed value of suction measured in the
field. Lytton reasoned that these discrepancies do not call the value
of the empirical Russam-Coleman relation into question; rather, the
discrepancies emphasize the need to determine the equilibrium suc-
tion on a more fundamental basis, which includes use of the soil's
desorption suction-versus-volumetric water-content characteristic
curve on any given site.
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Gay (5) developed a mathematical model to calculate the soil’s
desorption suction-versus-volumetric water-content characteristic
curve. Lytton (4) concludes that higher equilibrium soil suction val-
ues can be produced by using the analysis of the desorption suction-
versus-volumetric water-content characteristic curve on any given
site, and that using the relationships can provide an equilibrium soil
suction value routinely.

CONCLUSIONS

On the basis of the results of this research, the following conclusions
can be drawn:

1. The measured average total soil suction vaiue or constant sonl
suction value for the DFW area measured qver the lnsl 2.5 years is
estimated to be on the order of 979 kPa.,

2. The range of total soil suction valugs was the greatest at the
surface and decreased with depth with a minimum measured value
of 55 kPa (2.75 pF) and the maximum measured value of 11246kPa
(5.06 pF).

3. The range of measured total soil sucuon measurements
decreased from 1995 to 1997, which generally corresponds to higher
precipitation during the later part of 1996 and 1997.

4. Additional research into the distribution of total soil suction
values with depth in the DFW area and across the United States is

necessary to understand the variability and range of the total soii
suction valucs used in pavement and slab structure design.

5. Additional research is needed to quantify the differences ‘

between the total soil suction values of residual clay and shaley clay
soils that weathered from the parent material in place and sandy
clay soils deposited from recent river and creek alluvial and fuvial
depositional processcs.
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" -Sml Suctlon

"' ¢ ©JohnT. Bryant, 1999.



- SOILSUCTION

Understandmg the relat10nsh1p
between unsaturated soil -
meehames and feundauon des1gn
| and performanee expanswe and |
compacted s011s etc. is cr1t1ea1
So11 suetlon is perhaps the most
L 1mp0rtant factor in unsaturated

o s011 meehamcs |

- '©JYohnT. Bryart, 1999. °



Isolate two filter papers on top of the 3011 spec1men -

S and place in air t1ght contamer ST

L L S R ©JohnT.Bryarit,1999.



| e '. ASTM D ‘5298_ ) B

. Accurate measurements are a necessity (+0.0001) in -
. - determining total soil suction values. - " -
BN R Y ooee. —filhl

o NIRRT S ] T TRt
. -- Place in samples in desiccator for seven days-to. - -

‘.. - achieve equilibration. ©.. - . 7
o T AT Y L @ Tohn T Bryant, 1999.



~ ASTMD5298

'Average m01sture content from the two f11ter papers 1s used n -
T determmmg total SUCtIOI’l Values O L



UN IT S OF SUCTION
VALUES

‘Soil suction value is normally reported in pF. This
is a unit of negatlve pressure expressed as the log;,
| - : of head of Water | |

328 ft of head

207 ft of head

pF..3 8 'pF_4 0. pF—4 5 _‘
Average Soﬂ Suetlon for DFW area 4 O pF>‘<

*based on: Bryant J T., Varlatlons of So11 Suctlon with Depth in DFW TRB; No 1615 1997 f
‘ L e L E g ©JohnTBryant1999.f



SOIL ENERGY/ S OIL
SUCTION RELATIONSHIPS

Potential Energy feet

Water Ht

Pure
Water

CONCEPTS OF SOIL ENERGY/SOIL SUCTION RELAT!ONSHIPS

2000

1900

i auatiandaval.due—ta _is
144 e ver-gut—o—t

2.0

1800 4

TotToT

Field Capacity

T

influence-andior—saliinflugnce

1700 4

MNagr—saail-aauilibuum.
TYGAT WNIT U\{uuluvlun!

andlor rock sirala

1600 -

1 yd in 1'qmr\ll

Buildinn 10 1620 clap
- TW W LTU‘UI,

far—mact aandiliane
LAANRR AR A £~ TTVUITUNNT T

4
1500

\ Ruildina

AN

1400

Bufding
ha \ Soilsuction{ound

N

1300 3

\ 1\

al dpgth in residiial

1200

\ A

1100

Qhah’z rlay sqils

\ ’ (Y

1000
900

33 tn 52 stary
Ruilding o

800

\ 3_story Building

700

600

500
400

300

\

200

\

!

\

\
\
\
\
\

\
}

100

Soil at
Liquid
Limit

2 2.5 3 3.5

3.8 4
Soil Suction (pF) = - log10 (water ht. in cm.)

3 3.5 ' 4

2 2.5

Soil at its Soil Near

wettest natural E|a§tic
state imit

SOIL MOISTURE INCREASING

4.2 4.6

4.5

NI

Soil at its

approx. driest
state, typically|
duetotree
desiccation

'© John T. Bryarit, 1999. '



- AGAINST THE WORLD’S |

' : . -

SOIL ENERGY COMPARED

'TALLEST BUILDINGS =~

pE=42

L e

peen
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CONCLUDIN G POINTS
~on SOIL SUCTION

..-Soﬂ suet10n 1s'a measure of the
. free energy content of s011 Water

.-Determ1n1ng soil suetlon Values
_».~based on ASTM D 5298 1s -
relatlvely easy and 1nexpens1ve

| -pF isa Value equal to the loglo of
{ 'f:fthe pressure head (1n eentlmeters)

_:."-Understandlng soil suction and
its vital role in unsaturated s011 B
'ﬂ_"'meehanles 1S essent1a1 for proper -
foundation. desrgn . |

" - ©JohnT. Bryart, 1999.



 FREESWELL |

N The potent1al free ',, B
swell/settlement of s011 can be N
used to develop estlmates of
heave or settlement for a glven -
m01sture and loadmg condltlons

.= ¢ '©JohnT.Bryant, 1999. °



| STM‘ D 4546’: MethodB ]

Swell devices thatmeasure the percent heave/settlement for -
Vertlcal pressure equlvalent to in 51tu Vertlcal overburden |

2

 Close-up of swell device. ..

© John T. Bryarit, 1999. -




& Swell Percent

' ASTM D 4546: Method B

After initial deformatlon, readings are usually
takenatOl 0.2,0.5, 1, 2, 3,8, 15 and 30 min and 1,
2 4 8, 24, 48 and 72 hrs (or untll constant swell)

‘.

Swell Percent vs. T"im'e--‘

Time,_ »m‘in (X100)

% Swell 1.5 ft
% Swell 2.5 ft
% Swell 3.5 ft
% Swell 4.5 ft
% Swell 5.5 ft
% Swell 7.5 ft .
% Swell 9.5 ft
% Swell 14.5 f .

> » O B ¢ B ¢ O

© John T. Bryarit, 1999.



-Two dlmensmnal re51st1V1ty proflhng
2 '?f-ﬂ_utlhzmg a patent pending process. called

N Geoelectncal M01sture/Mater1a1 Re31st1V1ty
! (GMMIR) US Patent Appheatlon No S/N

'7"-;;?'-;.;oCOMING SOON - Three D1mens1onal
S Re51st1V1ty Proflhng' |

e Jqu.f};T,:.tBryéﬁt?i?99"- :
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“MODERATE RESOLUTION

~_ DEEPER PENET
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'

- Water conducts

e S

* Blectricity Readily. ..

. . R e oo "

Sl Lo oo 0 @ John T, Bryant, 1999.
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- not conduct electricity

« . ~ .

-~ readily......
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Measurement

T N
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S PPLICATIONS

é :Evalu‘at.ing Slope stabihty along‘

o

and pavement structures

[N

T A ©thnT Bryant 1999.
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GMMIR

LLOWS BETTER

ELINATION OF LEAK

. . : A . . o -

LLOWS MORE

UANTFIABLE .

~ IDENTIFICATION OF.
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Electrical Resistivity Scales

Typical Resistivity Scale  Refined Resistivity Scale

Typically indicates |
sandstone or rock, |
unweathered limestone
gravel concrete or sand
and possible void

L
e

‘Weathered limestone, shale
“tocksands, clayey sands |
* and possible sandy clay
'soils

Higher plasticity clay
wetter clay is bluer
water seepage and
saturated clay is ice
blue color typically

Resistivity Values measured in Ohm-meters

© John T. Bryant, 1999.




- GMMIRProcess
~ Collecting Field Data
-~ andInformation

LR




~ No Anomaly
xisting at Depth

i

Relatively uni

T.B

.

1

;yaﬁt, 1999



 Existing at Depth

~ Anomaly -

"L A.© John T. Bryant; 1999.
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EVALUATION OF LEAK
INF LUEN CE

_,°S()11 Structure Interaetron Problem R
-Must Explam Srte COIldlthIlS Clearly}f..f |
- _'2D and 3D GMMIR and other T
_?f;_‘ﬁ_}";',Geophymcal Methods (SIDARS)
;;;.;;_;Coupled wrth Accurate Soﬂ Testlng 1s
~ Answer to Estabhsh Causatlon of
{;’;_g"Movement and Drstress RS

- ©JohnT. Bryant, 1999.






- Sanitary Sewer Line

- . ;

Cle oS 0t T @ John T, Bryant, 1999.
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: - — - — - , - - ) ‘
BNackthYard P | . . » ‘ " FrontYard 7 AR
. (Nor | Kitchen Nook | A . South
' Extension | Boring -~ S
e I B-2 - Interior of House
| o :
. = — _' I L - | I ) ) -
1,00
€ -2.00
< -3.00 -
S -4.00 G
- -5.00 -
T T

T - - T 1
4.00" 6.00 /8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00

' Profile R1. GMMIR Profile Taken from north to south through central pbrtioﬁ of.s_t?u“cture.v

FrontYard Area
South i

: t_ Back Yard Area o b
" North R R

"Electrical Resistivity (ohm-m)

;sﬁzoo .1500 718.0 . _
Sl Profile R4. GMMIR prohle taken on the extenoreastsme of thestructure. ‘ o
S C Lookmg towards the east. - T Lo

o et
VL

] Fronl Yard
south)

_T)eﬁih’(m)

Notes: 1. Data at lowar comars is lntorpolatod ’ N
2. Structure, Boring and Vegaetation positions are approxlmnto
3 Palent Pendmg Proccss Al nghls Reservad us Pmnt Appllcauon SIN 09/071 577

_©John T. Bryant, 1999.
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Area of noted
poor drainage eported leak

. location . ,
: BackhYard ' N —_— - 4 FrontYard .
et (ot ‘| Kitchen Nook (| = , o South T
. 3, Extension . |[Boring .. E S I S A ,
- ' T : B-2 g: ’ IntleHouse ' LT LT s - ,
ooy 200.00
£ -2.00 100.00
S 300 2 i 50.00
S 400 Sy 39.00. :
soo . 36.00 & ‘
T | i
: 4.00 6.00 aoo 1000 1200140 16.00 18.00 2000 2200 2400 2eooa 33.00 =
SR T ) 3000 -
Protrle Ftt GMMIR Profrle Takenfrom north to south through central portron ofstructure : =
L R E T | E:
" Back Yard Area Lo : I L ,FrontYard Area_ o
North . .- = - e L P 17 “seuths - - - B
__________ =

1500 18.007 B1.00. 24oov

S . - " Profite R4. GMMIR profrle taken on the exterror eastsrde of the structure
o L Lookmg towards the east. - ‘ . "

27.00 Lt

-'ADe"pth (m):

R R e R TR ey

'4 Cl e Notos 1. Data at towarcornors is tntorpohtnd o :
IR R 2. Structure, Boring and Vegetation positions are approxrmata )
’ : ’ ‘8. Patant Pondrng Process, All nghts Reserved. US Patent Applrcatron SIN 09!071 577

) _ C ©JohnT Bryant 1999
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......

Depth (m)

s
T o 1Y

40 600 80D 1000 1200 1400 1600 1800 2000 2200

Profile P1 Through Gafage and House

Saenin

T e e e LT o e e B Rk S gy A i et Rl ~ .
S i ! AR SER VVV~

Depth (m) .

A - — s M
s g - ((f:«' o LTI FaR A
3 Pls 3 ST .

. i —— ; A\ \ N
S 400 600 800 1000 1200 1400 1600

1800 2000 22007

s

Notes: 1. Data at lower comers is interpolated. Profile P2 on Exterior West Side of Structure
2. Structure, Boring and Vegetation positions are approximate. ' h ) .
3. Patent Pending Process, All Rights Reserved.
US Patent Application S/N 09/071,577.

© John T. Bryant, 1999.
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Contact of Woodbine and Grayson Marl

'-Notes 1. ‘Dahaﬂowereomershlmerpohwd "
g 2. Structure, Boring and Vegetation posihonsar

S Patent Applmtlon SIN 09/071 577

~ ©lJohnT. Bryant, 1999, -



Environmental Effects

- ctmindephol

T99

. 2 puzzlé wrapped ina rlddlé 1n51de ofan" |
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Horizontal Distance

2. Structure, Boring and Vegetation positions are approximate
“:.3.; Patent Pending Process, All Rights \ o
US Patent Application S/N 09/071,577

- ©John T. Bryant, 1999,



West 1 A ' East

" Depth (m)

400 600 800 1000 '12.00 14.00 1600 18.00 20.00 22.00 2400 2600 2800 3000
Profile R1 GMMIR profile on north srde of structure looking north h

- North .

Notes: 1. Data at Iower corners is interpolated.. .
2. Structure, Boring and Vegetation positions are approxumate L
3. Patent Pandmg Prodess, All Rights Reserved US Patent Apphcatlon S/N 08/071. 577

* Depth (m)

3.00 6.00 9.00 12.00.15.00 18.00°-21.00° 2400 2700 3000 "33.00 36.00 -
Profile R2. GMMIR protrle on east srde of structure a 1t fre tpenmeter

e Lookrng east.
Nonh

¥

. Elsctrical Resistivity (ohm-m) -

" Depth (m)
.-A‘k S
w
o

3.00 . 6.00 " 9'00 12 00 15 00 18 00 21 00 24 00 27 .00. 30 00 33 00 36 00
Protrle R3 GMMIR’ profrle on east side of structure _between curb and srdewalk it

ST T 400 6.00 8.00 10.00 12, 00°14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30. oo
ST Profile R5. GMMIR profile on south side of structure lookina to the north. .. .~ -

© John T. Bryant 1999
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: Honionfél Distance.(m):
‘dgnce} nnﬂh toa 29"_ .I?mkmn wg.st.‘
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Approx. locaf
of trees
Nonh?‘

Notes 1 Data Iowercorners mterpolaled 2 jL_ ,’J o
2. Structurs, Vegetation and Boring posmons are approxxmate ; I
) Patenl Pendmg Process All nghls Reserved US PatenIApphcallon SIN 09/071 577

" .©John T. Bryant, 1999. -



GROUND PENETRATING
- RADARand the
SIDAR PROCESS

~ *LIMITED DEPTH. |

o ' “HIGH RESOLUTION

© John T. Bryant, 1999.



What Is Ground
Penetratmg Radar

* GPR is a short pulse of

electromagnetlc energy Wthh is

~ radiated into the subsurface. When

| this pulse strikes an interface between

- layers of mater1als with dlfferent
o eleetrlcal properties, part of the wave:

~ reflects back, and the remaining

energy continues to next interface.

© John T. Bryant, 1999.



GROUND PENETRATING
RADAR

| " racaivina @ = /< 1Gh

Antenna

-HIGH RESOLUTION
-LIMITED DEPTH

Actual Scan = 200 reflection/sec!

© John T. Bryant, 1999.



What is SIDARS?

~ « System _

e IDentlﬁcatlon

‘  ' AnalySIS of -
_,' Radar

- _. Slgnals o

SIDARS calculates and numencally quant1f1es the |
- den51t1es 11qu1d content and V01ds W1th1n
- each layer of the sub_surface system

© John T. Bryant, 1999.



" SIDARS USES AND
APPLICATIONS

. EValuating the seVerify of leaks

. occurring beneath bu11d1ngs -

e Evaluating slope stab111ty along
| embankments |

s Determlmng thlckness dens1ty,
 liquid content, air voids and

- porosity of one or more -
1nterfaces e

~ « Location of burled obJects such" o
. assteel tanks and pipes - -

- . Prov1d1ng a hlgh resolutlon |
~ picture of shallow subsurface
~conditions |

. - L - . ! )
o N I . ©JohnT. Bryant, 1999.



EXAMPLE

of a Plumbing Leak B

‘ ' detec:ted by SIDARS



Leak Detection

~FilWaier Content

Expected
Range

Patented Process. All rights reserved.

US Patent No. 5,384,715

© John T. Bryant, 1999.
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Robert L. Lytton -

F. J. Benson Chair

Professor, Civil Engineering

Director, Center for Infrastructure Engineering
Texas Engineering Experiment Station

Research Engineer, Texas Transportation Institute
508G CE/TTI Building Phone: (409) 845-8211
Texas A&M University Fax: (409) 845-0278
College Station, Texas 77843

EDUCATION

Ph.D. Civil Engineering, University of Texas, 1967
M.S. Civil Engineering, University of Texas, 1961
B.S. Civil Engineering, University of Texas, 1960

PATENTS T
“Systems Identification and Analysis of Subsurface Radar Signals,” U.S. Patent No. 5,384,715.
HONORS, AWARDS AND LISTINGS

Hamilton Watch Award, University of Texas, College of Engineering, 1960

Honorary Fellow, University of Texas, 1960-61

Graduate Fellow, National Science Foundation, 1960-61, 1965-67

John B. Hawley Award, Texas Section ASCE, 1966

Post-doctoral Fellow, National Science Foundation, 1969-70

Everite Bursary Award, Council for Scientific and Industrial Research, Pretoria, South Africa, 1984
Who’s Who in Texas, 1986

Who’s Who in the South and Southwest, 1988 and afterward

American Men and Women in Science, 1989 and afterward

Who’s Who in America, 1993 and afterward

Who’s Who in the World, 1994 and afterward

Fellow, American Society of Civil Engineers, 1992

Texas A&M University Association of Former Students Distinguished Achievement Award in Research, 1996

COURSES TAUGHT(T) AND DEVELOPED(D)

CVEN 365 Soil Mechanics (T)

CVEN 435 Foundation Engineering (T)

CVEN 616 Systems Design of Pavements (T,D)

CVEN 646 Foundations on Expansive Clays (T,D)

CVEN 647 .  Numerical Methods in Geotechnical Engineering (T,D)

LICENSES

Registered Professional Engineer, Texas #27657
Registered Professional Engineer, Louisiana #9620
Registered Land Surveyor, Louisiana #2434
PROFESSIONAL ACTIVITIES

Control Group Member, ASCE Standards Committee on the Design of Residential Foundations on Expansive
Clays, 1992-present _
Control Group Member, ASCE Standards Committee on Independent Peer Review, 1992-present



PROFESSIONAL ACTIVITIES (Cont’d)

Member, General Design Subcommittee, Southern Building Code Congress International, 1986-1988 -

Challrgé%n, Transportation Research Board Committee A2L.06 Environmental Factors Except Frost, 1987-

Organizing Committee, Seventh International Conference on Expansive Soils, Dallas, Texas, August, 1992

Organizing Committee, First International Conference on Unsaturated Soils, Paris, France, September, 1995

U.S. Representative on Committee TC-6, International Society of Soil Mechanics and Foundation

Engineering, 1987-present

Secretary, Fourth International Conference on Expansive Soils, Denver, Colorado, June, 1980

Secretary, American Society of Civil Engineers Research Council on Expansive Soils

Transportation Research Board Committees: A2L06, Environmental Factors Except Frost; A2B01, Pavement
Management Systems; A2B04, Pavement Rehabilitation; Task Force A2T59, Relating Distress to
Performance; Task Force A2T56, Non-Destructive Testing of Airfield Pavements

American Concrete Institute Committee 360

Post Tensioning Institute Technical Advisory Board

Publication Advisory Board, International Journal for Numerical and Analytical Methods in Geomechanics,
John Wiley and Sons

BRIEF BIOGRAPHICAL SKETCH

Robert L. Lytton was born in Port Arthur, Texas on October 23, 1937, a descendant of a family-which
came to Texas as part of Stephen F. Austin's Little Colony (1828) and contributed several soldiers to the
Texan army which won Texas' independence in the battle of San Jacinto (April 21, 1836) over the Mexican
Army of Operations under President Santa Anna. He attended high school in San Antonio, Texas, and
graduated from the University of Texas at Austin in June, 1960 with a Bachelor of Science degree in Civil
Engineering. He received the College of Engineering Hamilton Watch Award, given to the graduating senior
with the highest grade average. He completed a Master of Science degree in August, 1961 as a Graduate
Fellow of the National Science Foundation and was inducted into the Friar Society of the University of Texas
which elects twelve students each year. He spent two years on active duty with the U.S. Army 35th Engineer
Construction Group from 1961 to 1963 during the Cuban missile crisis and the beginning of the war in
Vietnam. After another two years working with a consulting civil engineer in Houston, Texas, he returned to
the University of Texas once more as a Fellow of the National Science Foundation. He completed his Ph.D.
degree in August, 1967 and served as an Assistant Professor at the University of Texas in 1967-68.

A Post-doctoral Fellowship from the National Science Foundation permitted him to spend the next two
years engaged in research on foundations on expansive soils with the Australian commonwealth Scientific
and Industrial Research Organization Division of Applied Geomechanics. Returning to the United States in
1971 he entered the faculty at Texas A&M University, rising to the rank of Professor in 1976 and being
awarded the A.P. and Florence Wiley Chair in Civil Engineering in 1990, and the F. J. Benson Chair in Civil
Engineering in 1995. His professional interests are in Expansive Clay Theory and Design; Soil Mechanics;
Soil-Structure Interaction; Soil Dynamics; Continuum Mechanics; Fracture Mechanics; Non-destructive
Te?tirll)glof Pavements; Pavement Analysis, Design, and Management; and Sampling, Statistical Methods, and
Reliability.

BRIEF PROFESSIONAL BIOGRAPHICAL SKETCH

Dr. Lytton recently completed a project for the Federal Highway Administration to develop an
integrated model to predict environmental effects beneath pavements. The analytical method developed uses
coupled heat and moisture flow and predicts suction and temperature, freezing and thawing, and frost heave
beneath pavements. The calculated results were compared favorably with field measurements made in
College station, Texas; Amarillo, Texas; and Deland, Illinois. The model was used extensively in several of
the SHRP Asphalt and Long-Term Pavement Performance programs.

He is the author of Chapter 13 of the textbook, "Numerical Methods in Geotechnical Engineering,"
(McGraw-Hill). The chapter is titled, Foundations in Expansive Soils. He teaches a graduate course in Civil
Engineering at Texas A&M University on the same subject.

His doctoral dissertation was on water movement in expansive soils. His two-year period of study in
1969-70 as a Post-Doctoral Fellow of the National Science Foundation was with Dr. Gordon Aitchison of the
Australian Commonwealth Scientific and Industrial Research Organization (CSIRO) Division of Applied
Geomechanics on the subject of expansive soils.



In 1976-78, he conceived and supervised the research project at Texas A&M for the Post-Tensioning
Institute which resulted in the publication of the manual on the Design and Construction of Post-Tensioned
Slab-on-Ground which he coauthored. The design procedure contained in that manual has been incorporated
verbatim into the Southern Building Code, the Uniform Building Code, and American Concrete Institute
Report ACI 360R-92 on Design of Slabs on Grade.

In 1984, his pioneering work in expansive soils and foundation design was recognized by the South
African Council for Scientific and Industrial Research which honored him with the Everite Bursary Award
which is given to one person each year by that country and is an award of the highest distinction.

His lectures in Central and South America on the same subject are credited with having begun the
highly creative and energetic research and engineering design presently being accomplished in Columbia and
Mexico.

He has been a member of ACI Committee 360 on Slabs-on-Ground, and is currently a member of the
Post-Tensioning Institute Technical Advisory Board, and the Southern Building Code Congress General
Design Subcommittee.

Together with Dr. Chris Mathewson, of the Texas A&M University, Department of Engineering
Geology, he conducted a three-year long project for the National Science Foundation to survey the damage
done by expansive soils to houses in five cities in Texas: Beaumont, College Station, Amarillo, San Antonio
and Waco. He developed regression analysis models of the causes of damage in each city. Each survey had
at least 100 residences and a total of 700 residences were surveyed. He developed a method of modifying the
Post-Tensioning Institute design of stiffened slabs to account for the variability of site conditions using a risk
analysis approach.

His experience in field, laboratory, and analytical studies and his proven record of organizing and
successfully completing projects which are both complex and highly significant in their impact all contribute
to his well earned international reputation for creative advances in the analysis and design of foundations and
pavements on expansive soils.

He was the keynote speaker at the 7th International Conference on Expansive Soils which was held in
Dallas, Texas in August, 1992. He has been the United States representative on the International Society of
Soil Mechanics and Foundation Engineering Technical Committee TC-6 since 1989. He presented the
keynote address in the area of foundations and pavements to the 1st International Conference on Unsaturated
Soils which was held in Paris, France in September, 1995. Recently, he presented the keynote address on the
same subjects to the 3™ International Symposium on Unsaturated Sotls in Rio de Janeiro, Brazil in April,
1997.
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14.
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Papers/Handouts In Order

Soil Suction Measurements with Filter Paper Method.

Prediction of Movement in Expansive Clays. (R. Bulyt) Oct 1999

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

Volume Change and Flow Calculations in Expansive Soils (R. D. Ullrich and
Assoc.) June, 1995 (Volflo Users Guide).

1

Soil Suction Conversion Factors (1 page).

The Prediction of Total Heave Using Soil Suction Profiles, Atterberg Limits,
Hydrometer, and Filter Paper Suction Measurements (R. L. Lytton), Nov , 1993.
Appendix A. Measurement of Suction with Filter Paper. (ASTM D5298-92).
Appendix B. Sample Calculations of Heave and Shrinkage (R. L. Lytton) June
1995.

Appendix C. Measurement of Suction Compression Index (R. G. McKeen) July
1985.

GAMMA 100 - A Re-examination for Estimating Soil Swelling Properties:
Preliminary Final Charts (A. P. Covar) Oct 1999.

Engineering Structues in Expansive Soils (R. L. Lytton) April 1997.

Copies of Transparencies from Engineering Structures in Expansive Soils (R. L.
Lytton) April 1997.

Variation of Soil Suction with Depth in Dallas and Fort Worth, Texas (J. T.
Bryant) 1998.

Method of Designing Slab-on-Ground Foundations in Arid and Semi-Arid

climates for Irrigation, Lawn Watering, and Flower Bed Conditions (R. L. Lytton)
May 1999.



15.

16.

Nomographic Calculation of Linear Extensibility in Soils Containing Coarse
Fragments (G. G. S. Holmgren) 1968.

Edge Moisture Variation Distance as Determined by Thormnthwaite Moisture
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SOIL SUCTION MEASUREMENTS WITH
FILTER PAPER METHOD

INTRODUCTION

The filter paper method is a soil suction measurement technique. Soil suction is
one of the most important parameters describing the moisture condition of unsaturated
soils. The measurement of soil suction is crucial for engineering applications in

* unsaturated soils. The filter paper method is a laboratory test method, and it is
inexpensive and relatively simple. It is also the only known method that covers the full
range of suction. With the filter paper method, both total and matric suction can be
measured. If the filter paper is allowed to absorb water through vapor flow (non-contact _.
method), then only total suction is measured. However, if the filter paper is allowed to
absorb water through fluid flow (contact method), then only matric suction is measured.
With a reliable soil suction measurement technique, the initial and final soil suction
profiles can be obtained from samples taken at convenient depth intervals. The change in
suction with seasonal moisture movement is valuable information for many engineering
applications.

DISCUSSION

The working principle behind the filter paper method is that the filter paper will
come to equilibrium with the soil either through vapor flow or liquid flow, and at
equilibrium, the suction value of the filter paper and the soil will be the same. If the filter
paper and soil are not in direct contact, then only total suction is measured. However, if
the filter paper and soil are in intimate contact, then only matric suction is measured.

In engineering practice, soil suction is composed of two components: matric and
osmotic suction. The sum of the matric and osmotic suction is called the total suction:

h="L L (1)
V&
where,
h, = total suction (kPa)
R = universal gas constant [8.31432 J/(mol K)]

T = absolute temperature (in Kelvin)

\% = molecular volume of water (m>/kmol)

PPy = relative humidity (in percent)

p = partial pressure of pore water vapor (kPa)

Po = saturation pressure of water vapor over a flat surface of

pure water at the same temperature (kPa).



Suction is frequently represented in cm of negative head. The conversion from
kPatocmis 1 kPa=10,198 cm. Suction is also frequently represented on a pF — scale.
The pF is logo (cm | suction | ). Matric suction comes from the capillarity. texture. and
surface adsorption forces of the soil. Osmotic suction arises from the salts that are
present in the soil pore water. In the filter paper method, the soil specimen and filter
paper are brought to equilibrium either in a contact (matric suction measurement) or in a
non-contact (total suction measurement) method in a constant temperature-environment.
After equilibrium is established between the filter paper and soil the water content of the
filter paper disc is measured. Then, by using a filter paper calibration curve of water
content versus suction, the corresponding suction value is found from the curve, so the
filter paper method is an indirect method of measuring soil suction. Therefore, a
calibration curve should be constructed or be adopted (i.e., the two curves presented for
different filter papers in ASTM D 5298 — 94 Standard Test Method for Measurement of
Soil Potential (Suction) Using Filter Paper) in soil suction measurements.

1

REQUIRED APPARATUS

For Calibration Procedure:

a. Filter papers; the ash-free quantitative Schleicher & Shuell No. 589 White
Ribbon or Whatman No. 42 type filter papers.

b. Salt solutions; sodium chloride (NaCl) solutions in a range between 0 (i.e.,
distilled water) to about 2.7 molality.

c. Sealed containers; 250 ml glass jars with lids which work nicely.

d. Small aluminum cans; the cans with lids are used as carriers for filter
papers during moisture content measurements.

€. A balance; a balance with an accuracy to the nearest 0.0001 g. is used for
moisture content determination.

f. An oven; an oven for determining the moisture contents of the filter papers

by leaving them in it for 24 hours at 105 + 5°C temperature in the
aluminum moisture cans (as in the standard test method for water content
determinations of soils).

g. A temperature room; a controlled temperature room in which the
temperature fluctuations are kept below £1°C is used for the equilibrium
period.

h. Pressure plates and tensiometers; pressure plates and tensiometers are used
for the low suction range in the calibration process.

1. An aluminum block; the block is used as a heat sink to cool the aluminum

cans for about 20 seconds after removing them from the oven.

In addition, latex gloves, tweezers, plastic tapes, plastic bags, ice-chests, scissors,
and a knife are used to set up the test.

o



For Soil Suction Measurements:

a. Filter papers; the ash-free quantitative Schleicher & Shuell No. 589 White
Ribbon or Whatman No. 42 type filter papers.

b. Sealed containers; glass jars with lids which work nicely.

c. Small aluminum cans; the cans with lids are used as carriers for filter papers
during moisture content measurements.

d. A balance; a balance with an accuracy to the nearest 0.0001 g. is used for
moisture content determination.

e. An oven; an oven for determining the moisture contents of the filter papers by
leaving them in it for 24 hours at 105 + 5°C temperature in the aluminum
moisture cans (standard test method for water content determinations of soils).--

f. A temperature room; a controlled temperature room in which the temperature
fluctuations are kept below +1°C is used for the equilibrium period.

g. An aluminum block; the block is used as a heat sink to cool the aluminum
cans for about 20 seconds after removing them from the oven.

In addition, latex gloves, tweezers, plastic tapes, plastic bags, ice-chests, scissors,
and a knife are used to set up the test.

FILTER PAPER CALIBRATION PROCEDURE

The filter paper water content measurements are performed by two persons in
order to decrease the time during which the filter papers are exposed to the laboratory
atmosphere and, thus, the amount of moisture lost and gained during measurements is
kept to a minimum. All the items related to filter paper testing are cleaned carefully.
Gloves and tweezers are used to handle the materials in nearly all steps of the calibration.
The filter papers and aluminum cans are never touched with bare hands.

The filter paper calibration curve is constructed using salt solutions as an osmotic
potential source for suctions above about 2.5 pF and a combination of pressure plates and
tensiometers for suctions below 2.5 pF. The procedure that is adopted for the calibration
is as follows:

I. When using salt solutions:

a. NaCl solutions are prepared from O (i.e., distilled water) to 2.7 molality.
The definition of molality is the number of moles of NaCl in 1000 ml of
distilled water. For example, one mole of NaCl is 58.4428 g. Thus, 2
molality NaCl means 2 times 58.4428 g. or 116.8856 g. NaCl in 1000 ml
distilled water. Table 1 gives the NaCl weights at different suction values.

(%)



Table 1. Osmotic suction values of NaCl solutions at 25°C.

NaCl Suction in Suction in Suction in NaCl amount
Concentration cm pF kPa 1n grams
(in molality) units units units (in 1000 ml
distilled water)
0.000 0 0.00 0 0
0.003 153 2.18 15 0.1753
0.007 347 2.54 34 0.4091
0.010 490 2.69 48 0.5844
0.050 2,386 3.38 234 2.9221
0.100 4,711 3.67 462 5.8443-
0.300 13,951 4.14 1,368 17.5328
0.500 23,261 437 2,281 29.2214
0.700 32,735 4.52 3,210 40.9099
0.900 42,403 4.63 4,158 52.5985
1.100 52,284 4.72 5,127 64.2871
1.300 62,401 4.80 6,119 75.9756
1.500 72,751 4.86 7.134 87.6642
1.700 83,316 4.92 8,170 99.3528
1.900 94,228 4.97 9,240 111.0413
2.100 105,395 5.02 10,335 122.7299
2.300 116,857 5.07 11,459 134.4184
2.500 128,625 5.11 12,613 146.1070
2.700 140,699 5.15 13,797 157.7956
b. A 250 ml glass jar is filled with approximately 150 ml of a solution of
known molality of NaCl and the glass jar is labeled with the solution
molality used for that jar.
c. Then, a small plastic cup is inserted into the glass jar. Holes are made in

plastic cups in order for the filter papers to interact with and absorb water
from the air in the closed jar. The configuration of the setup is shown in
Fig. 1. Two filter papers are put on the plastic cup one on top of the other
in order to double check the errors in the balance readings and in a case
when one of the filter paper is accidentally dropped, the other filter paper
is used. The glass jar lid is sealed with plastic tapes very tightly to ensure

air tightness.




Glass jar —

Plastic support Salt solution

Fig. 1. Total suction calibration test configuration.

d. Steps b. and d. are repeated for each of the different NaCl concentrations.

Then, the prepared containers are put into plastic bags for extra protection. After
that, the containers are put into the ice-chests in a controlled temperature room. The
suggested equilibrium period is at least one week.

After the equilibrium period, the procedure for the filter paper water content
measurement is as follows:

a. Before starting to take measurements, all the items related to the
calibration process are cleaned carefully and latex gloves are used
throughout the process. Before taking the glass jar containers from the
temperature room, all aluminum cans that are used for moisture content
measurements are weighed to the nearest 0.0001 g. accuracy and recorded
on a filter paper water content measurement data sheet as shown in Fig. 2.



MEASUREMENT OF SOIL SUCTION USING FILTER PAPER

BORING NO.: DATE TESTED:
DATE SAMPLED: TESTED BY:
SAMPLE NO.:
Depth
Moisture Tin No.
Top Filter Paper/Bottom Filter Paper | Top/ Top/ Top/ Top/ Top/
(circle) Bot. Bot. Bot. Bot. Bot.
Cold Tare I\/IIass, g T,
Mass of Wet Filter Paper + M
Cold Tare Mass, g !
Mass of Dry Filter Paper + M
Hot Tare Mass, g 2
Hot Tare Mass, g Ty
Mass of Dry Filter Paper, g M
Mz —Th) !
Mass of Water in Filter Paper, M
gM; —M; - T +Ty) Y
Filter Paper Water Content, %
(Mw/My) i
Suction, cm of water h
Suction, pF h
Fig. 2. Data sheet for filter paper water content measurements.
b. After that, all measurements are carried out by two persons. For example,

while one person is opening the sealed glass jar, the other person is putting
the filter paper into the aluminum can very quickly (i.e., in a few seconds,

usually less than 5 seconds) using the tweezers.

c. Then, the weights of each can with wet filter papers inside are taken very
quickly. The weights of cans and wet filter papers are recorded with the
corresponding can numbers and whether the top or bottom filter paper is

inside.




d. Step c. is followed for every glass jar. Then. all cans are put into the oven
with the lids half-open to allow evaporation. All filter papers are kept at a
105 £ 5°C temperature for 24 hours inside the oven.

e. Before taking measurements on the dried filter papers, the cans are closed
with their lids and allowed to equilibrate for 5 minutes in the oven. Then a
can is removed from the oven and put on an aluminum block (i.e., heat
sinker) for about 20 seconds to cool down; the aluminum block acts as a
heat sink and expedites the cooling of the can. After that, the can with the
dry filter paper inside is weighed again very quickly. The dry filter paper
is taken from the can and the cold can is weighed in a few seconds.
Finally, all the weights are recorded on the data sheet shown in Fig. 2.

f. Step e. is repeated for every can.

II. When using pressure plates:

In the calibration process at low suction values (i.e., below about 2.5 pF) salt
solutions can not be used, so for this part of the calibration (i.e., suction values less than
about 2.5 pF) pressure plates and tensiometers should be employed. In the calibration
process with pressure plates, the filter papers are either directly put on the porous disks or
embedded in soil specimens on the porous disks. However, when the filter papers are
embedded in the soil samples, protective filter papers need to be used in order to avoid
any contamination of the filter paper on which the measurement relies. In other words,
one filter paper from which the measurements will be taken is sandwiched between two
larger size protective filter papers. The configuration of the pressure plate setup is shown
in Fig.3. The suggested equilibrium period is about 3 to 5 days. The procedure is as
follows:

a. Before starting to take measurements, all of the items related to the
calibration process are cleaned carefully and latex gloves are used
throughout the process. Before opening the pressure plate apparatus, all
aluminum cans that are used for moisture content measurements are
weighed to the nearest 0.0001 g. accuracy and recorded on a filter paper
water content measurement data sheet as shown in Fig. 2.

b. After that, all measurements are carried out by two persons. For example,
while one person is holding the aluminum can, the other person is putting
the filter paper into the can very quickly (i.e., in a few seconds, usually
less than 5 seconds) using the tweezers.

c. Then, the weights of each can with wet filter papers inside are taken very
quickly. The weights of cans and wet filter papers are recorded with the
corresponding can numbers.
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Fig. 3. Matric suction calibration test configuration using pressure plate.

d. Step c. is followed for every pressure plate. Then, all cans are put into the
oven with the lids half-open to allow evaporation. All filter papers are
kept at a 105 £ 5°C temperature for 24 hours inside the oven.

€. Before taking measurements on the dried filter papers, the cans are closed
with their lids and allowed to equilibrate for 5 minutes in the oven. Then a
can is removed from the oven and put on an aluminum block (i.e., heat
sinker) for about 20 seconds to cool down; the aluminum block acts as a
heat sink and expedites the cooling of the can. After that, the can with the
dry filter paper inside is weighed again very quickly. The dry filter paper
is taken from the can and the cold can is weighed in a few seconds.
Finally, all the weights are recorded on the data sheet shown in Fig. 2.

f. Step e. is repeated for every can.



The filter paper calibration curve of water content versus corresponding suction
values is obtained from the calibration testing procedure. If suction values in pF or log
(kPa) units are plotted with corresponding filter paper water content values a calibration
curve for that specific type filter paper is obtained. Such a curve for Schleicher &
Schuell No. 589 White Ribbon and Whatman No. 42 type filter papers is given by ASTM
D 5298 (1994) and is reproduced in Fig. 4, on which the suction values are plotted as log
(kPa). -

3 —e—Whatrran No, 52
log (kPa) =5.327- 010779 |
o g Schleicher & Schuell No. 589 |

I

\

log (KPa) = 5,056 - 0.0688

Suction, log (kPa)
w

log (kPa) =2.412 - 0.0135
A\ I

4

| “  log (kPa) =1.882- 0.0102

|
1 : | ;
! I

N

0 10 20 30 40 50 60 70 80 90
Filter paper water content, w (%)

Fig. 4. Calibration curves for two types of filter papers (reproduced from ASTM D5298).



SOIL SUCTION MEASUREMENTS

Both total and matric suction measurements are possible from any type of soils
and soils at any conditions (i.e., natural unprocessed and uncompacted, loose, compacted,
treated soils, etc.) using the filter paper method. However, care must be taken when
measuring matric suction because intimate contact between the filter paper and the soil is
very important. If a good contact is not provided between the filter paper and the soil,
then it is possible that the result will be total suction measurement rather than matric
suction measurement.

The filter paper water content measurements are performed by two persons in
order to decrease the time during which the filter papers are exposed to the laboratory
atmosphere and, thus, the amount of moisture lost and gained during measurements is
kept to a minimum. All the items related to filter paper testing are cleaned carefully. - -
Gloves and tweezers are used to handle the materials in nearly all steps of the experiment.
The filter papers and aluminum cans are never touched with bare hands. From 250 to
500 ml volume size glass jars are readily available in the market and can be adopted for
suction measurements. Especially, the glass jars with 3.5 to 4” diameter in size can
contain the 3” diameter Shelby tube samples very nicely. A typical setup for both the soil
total and matric suction measurements is depicted in Fig. 5. The procedure that is
adopted for the experiment 1s as follows:

Soil Total Suction Measurements:

a. At least 75 percent volume of a glass jar is filled up with the soil; the
smaller the empty space remaining in the glass jar, the smaller the time
period that the filter paper and the soil system requires to come to

equilibrium.

b. A ring type support (1 to 2 cm in height) is put on top of the soil to
provide a non-contact system between the filter paper and the soil.

C. Two filter papers one on top of the other are inserted on the ring using

tweezers. The filter papers should not touch the soil, the inside wall of the
Jjar, and underneath the lid in any way.

d. Then, the glass jar lid is sealed very tightly with plastic type electrical
tape.

e. Steps a., b., c., and d. are repeated for every soil sample.

f. After that, the containers are put into the ice-chests in a controlled

temperature room for equilibrium.

The suggested equilibrium period is at least one week. After the equilibrium
period, the procedure for the filter paper water content measurement is as follows:
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Fig. 5. Contact and noncontact filter paper methods for measuring total and matric

suction.




f.

Before starting to take measurements, all the items related to the
measurement process are again cleaned carefully and latex gloves are used
throughout the process. Before taking the glass jar containers from the
temperature room, all aluminum cans that are used for moisture content
measurements are weighed to nearest 0.0001 g. accuracy and recorded on
a filter paper water content measurement data sheet as shown in Fig. 2.
After that, all measurements are carried out by two persons. For example,
while one person is opening the sealed glass jar, the other person is putting
the filter paper into the aluminum can very quickly (i.e., in a few seconds,
usually less than 5 seconds) using the tweezers.

Then, the weights of each can with wet filter papers inside are taken very
quickly. The weights of cans and wet filter papers are recorded with the
corresponding can numbers and whether the top or bottom filter paper is
inside. S
Step c. is followed for every glass jar. Then, all cans are put into the oven
with the lids half-open to allow evaporation. All filter papers are kept at a
105 + 5°C temperature for 24 hours inside the oven.

Before taking measurements on the dried filter papers, the cans are closed
with their lids and allowed to equilibrate for 5 minutes in the oven. Then a
can is removed from the oven and put on an aluminum block (i.e., heat
sinker) for about 20 seconds to cool down; the aluminum block acts as a
heat sink and expedites the cooling of the can. After that, the can with the
dry filter paper inside is weighed again very quickly. The dry filter paper
is taken from the can and the cold can is weighed in a few seconds.
Finally, all the weights are recorded on the data sheet shown in Fig. 2.
Step e. is repeated for every can.

After obtaining all of the filter paper water content values an appropriate
calibration curve , such as the one in Fig. 4, is employed to get total suction values of the

soil samples.

Soil Matric Suction Measurements:

a

o o

A filter paper is sandwiched between two bigger size protective filter
papers. The filter papers used in suction measurements are 5.5 cm in
diameter, so either a filter paper is cut to a smaller diameter and
sandwiched between two 5.5 cm papers or bigger diameter (bigger than
5.5 cm) filter papers are used as protectives.

Then, these sandwiched filter papers are inserted into the soil sample,
which can fill up the glass jar, in a very good contact manner. An intimate
contact between the filter paper and the soil is very important.

After that, this soil sample with embedded filter papers is put into the glass
jar container.

The glass container is sealed up very tightly with electrical tape.

Steps a., b., c., and d. are repeated for every soil sample.




f.

The prepared containers are put into the ice-chests in a controlled
temperature room for equilibrium.

The suggested equilibrium period is 3 to 5 days. After the equilibrium period. the
procedure for the filter paper water content measurement is as follows:

a.

f.

Before starting to take measurements, all the items related to the
measurement process are again cleaned carefully and latex gloves are used
throughout the process. Before taking the glass jar containers from the
temperature room, all aluminum cans that are used for moisture content
measurements are weighed to nearest 0.0001 g. accuracy and recorded on
a filter paper water content measurement data sheet as shown in Fig. 2.
After that, all measurements are carried out by two persons. For example,
while one person is opening the sealed glass jar, the other person is putting -
the filter paper into the aluminum can very quickly (i.e., in a few seconds,
usually less than 5 seconds) using the tweezers.

Then, the weights of each can with wet filter papers inside are taken very
quickly. The weights of cans and wet filter papers are recorded with the
corresponding can numbers.

Step c. is followed for every glass jar. Then, all cans are put into the oven
with the lids half-open to allow evaporation. All filter papers are kept at a
105 + 5°C temperature for 24 hours inside the oven.

Before taking measurements on the dried filter papers, the cans are closed
with their lids and allowed to equilibrate for 5 minutes in the oven. Then a
can is removed from the oven and put on an aluminum block (i.e., heat
sinker) for about 20 seconds to cool down; the aluminum block acts as a
heat sink and expedited the cooling of the can. After that, the can with the
dry filter paper inside is weighed again very quickly. The dry filter paper
is taken from the can and the cold can is weighed in a few seconds.
Finally, all the weights are recorded on the data sheet shown in Fig. 2.
Step e. is repeated for every can.

After obtaining all of the filter paper water content values an appropriate
calibration curve, such as the one in Fig. 4, is employed to get matric suction values of
the soil samples.
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PREDICTION OF MOVEMENT IN EXPANSIVE CLAYS

Robert L. Lytton,' Fellow, ASCE

ABSTRACT: The movement of expansive soils is usually due to a
change of suction near the soil surface. The properties of the soil
that govern the amount and rate of movement are the suction
compression index, and the unsaturated permeability and diffusivity.
Methods of using these to determine suction and heave (or shrinkage)
profiles with depth are outlined. Methods of estimating these
properties using simple laboratory tests, namely Atterberg limits,
water content, dry density, porosity, sieve analysis, and hydrometer
analysis are presented. Differential movement governs the design of
slabs-on-ground, highway and airport pavements and canal linings,
which are themselves controlled by the edge moisture variation
distance. Graphs of the edge moisture variation distance as it
changes with the unsaturated diffusivity and the Thornthwaite
Moisture Index are presented for both the center lift and edge lift
distortion modes. The values were computed using a coupled
unsaturated moisture flow and elasticity finite element program which
had been calibrated to match reasonably well the measured suctions
in an extensive field study involving several pavement sites in a
number of different climatic zones in Texas.

INTRODUCTION

The prediction of movement in expansive soils is important principally for
the purpose of designing foundations or other ground supported structural elements.
In design, the principal interest is in making an accurate estimate of the range of
movement that must be sustained by the foundation. It is for that reason that
envelopes of maximum heave and shrinkage are important for design purposes. For

' A. P. and Florence Wiley Professor of Civil Engineering, Texas A&M University,
College Station, Texas 77843-3136.



slab-on-ground design, differential movements are important. For highway and
airport pavements, canals, and pipelines, the wave spectrum of differential
movements versus wave lengths are the desirable design characteristic. Structural
floors suspended above expansive clays must be provided with a gap that exceed the
total expected heave. Drilled piers (or shafts) must be designed to resist simulta-
neously a vertical movement profile and a horizontal pressure profile, both of which
change with wetting and drying conditions. Retaining structures, basement walls,
rip rap, and canal linings must be designed to withstand lateral movements. Finally,
all foundations must be designed against the time-dependent vertical and horizontal
curvature that is generated by down hill creep.

Each of these types of movement is of sufficient importance and complexity
to warrant a separate paper of its own. Differential movement is selected as the
topic of this paper principally because it involves the prediction of the total
movement at two different locations which are separated by a characteristic distance.
This distance depends upon how pervious the soil is. Understanding differential
movement and how to predict heave and shrinkage envelopes of it provides much
of the information needed for most types of foundation design.

This paper provides results of a multiple year study of differential movements
of pavements on expansive soils as they are affected by vertical moisture barriers,
and of a computer study of the horizontal zone of influence that is affected by
changes of moisture. The first section presents a summary
of the theoretical relationships between volume change, suction change, and total
stress changes. The second section summarizes material property relationships that
- were developed during the vertical barrier study. The material properties that can
be predicted are the volume change coefficients, unsaturated permeability and
diffusivity, and characteristics of the suction-versus-water content relation. The
third section presents the results of the computer study of the size of the moisture
influence zone for edge lift and center lift conditions. The concluding section
comments upon the significance of these results for the prediction of differential
movements.

EXPANSIVE CLAY VOLUME CHANGE

Movements in expansive soils are generated by changes of suction which are
brought about by the entry or loss of moisture. The volume change that accompa-
nies the change of suction (and water content) depends upon the total stress states
that surround the soil. Within a soil mass, a decrease of the magnitude of suction
results in an increase of water content. The volume of the soil also increases unless
the surrounding pressure is sufficient to restrain the swelling.

Suction is defined by the Kelvin equation:

RT H 1)

where h the total suction in gm-cm/gm, a negative number;
R = the universal gas constant, 8.314 x 10’ ergs-K/mole;
T = absolute temperature, degrees K;



m = gram-molecular weight of water, 18.02 gm/mole;
g = 981, conversion from grams mass to grams force; and
H = relative humidity, in percent.

"Suction” is a term used principally by engineers for the thermodynamic
quantity, Gibbs free energy which is inherently negative, as seen in Eq. (1), and
generates tension in the pore water stretching between soil particles.

Total suction may have two components: matrix suction, which is due to the

. attraction of water to the soil particle surfaces and osmotic suction, which is due to
dissolved salts or other solutes in the pore water. A complete discussion of suction
and its measurement is found in the book by Fredlund and Rahardjo (1993), and will
not be explained in more detail here.

A common measure of suction is the pF-scale, in which pF is defined as:

pF = log,|h| (2)

where | h| = the magnitude of suction in cm of water, a positive value.

Fig. 1 illustrates the suction-vs-water content curve for a natural soil under
wetting and drying conditions. Hysteresis is commonly observed between these two
conditions with the water content upon wetting being lower than that upon drying
at the same level of suction. The relation between the soil volume and water content
rises from the dry volume to its maximum value around field capacity as long as it
is not constrained from doing so by external pressure. When the water content is
above the shrinkage limit, the volume change-vs-water content line is roughly
parallel to the zero air voids line, gaining one cubic centimeter of volume for each
cubic centimeter of water increased. Various suction levels corresponding to the
field capacity (pF = 2.0); plastic limit (pF = 3.5 for clays); wilting point for plants
(pF = 4.5); tensile strength of confined water (pF = 5.3); air dry at 50% relative
humidity (pF - 6.0); and oven dry (pF - 7.0) are marked on the suction-vs-water
content curve.

A conceptual graph of suction-versus-volume can be drawn using the
relations of each to water content. This is illustrated in Fig. 2 on the plane
corresponding to zero pressure. A similar graph can be drawn relating pressure
(total stress) - versus-volume on the plane corresponding to zero suction. The
simultaneous change of the magnitude of suction (decrease) and pressure (increase)
results in a small change of volume, following the path from Point A to Point C on
the pressure-suction-volume surface. The magnitude of suction decreases from Point
A’ to Point B while the pressure increases from Point B’ to Point C’. The volume
change process can be viewed as the net result of two processes:

a. Increase of volume from A to B at constant mechanical pressure or total

stress.

b. Decrease of volume from B to C at constant suction.

For small increments of volume change on this surface, the volume strain,
AV/V | is linearly related to the logarithms of both pressure and | suction | . The
general relation between these, and a change of osmotic suction, , is:
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in which:

AV/V = the volume strain;
h;,h; = the initial and final matrix suction;
0,0 = the initial and final values of mean principal stress;
w,%; = the initial and final values of osmotic suction;

v, = the matrix suction compression index;

v, = the mean principal stress compression index; and

v, = the osmotic suction compression index.

Volume
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FIG. 2. Pressure-Suction-Volume Surface for Expansive Soil

The mean principal stress compression index is related to the commonly
used compression index, C, by:

Y, = : (4)
where e, = the void ratio.

In order to predict the total movement in a soil mass, initial and final values
of matrix suction, osmotic suction, and mean principle stress profiles with depth



must be known. It is the change of matrix suction that generates the heave and
shrinkage while osmotic suction rarely changes appreciably, and the mean principal
stress increases only slightly in the shallow zones where most of the volume change
takes place. It is commonly sufficient to compute the final mean principal stress,
o;, from the overburden, surcharge, and foundation pressure and treat the initial
mean principal stress, o;, as a constant corresponding to the stress-free suction-vs-
volume strain line represented by Eq. (3). Because there is no zero on a logarithmic
scale, o; may be regarded as a material property, i.e., a stress level below which no
correction for overburden pressure must be made in order to estimate the volume
strain. It has been found to correspond to the mean principal stress at a depth of 40
cm. This is illustrated in Fig. 3.

A
. Volume

Straln
(AVNV)

FIG. 3. Graph of Volume Strain as a Function of Log | Suction | and Log
(Mean Principal Stress)

The mean principal stress is estimated by:

1+2K,
¢ = 3 0,
where o, = the vertical stress at a point below the surface in a soil mass; and

K, = the lateral earth pressure coefficient.



With an active soil which can crack itself in shrinking and generate large
confining pressures in swelling, the lateral earth pressure coefficient, K,, can vary
between 0.0 and passive earth pressure levels. Typical values that have been back-
calculated from field observations of heave and shrinkage are as follows:

K, = 0.00 when the soil is badly cracked.

K, = 0.33 when the soil is drying.

K, = 0.67 when the soil is wetting.

K, 1.00 when the cracked are closed and the soil is swelling.

The vertical strain is estimated from the volume strain by using a crack
fabric factor, f.

‘ AH f[_AX] (6)
" v

Back-calculated values of f are 0.5 when the soil is drying and 0.8 when the
soil is wetting. The level to which the lateral pressure rises is limited by the Gibbs
free energy (suction) released by the water; the level to which it drops on shrinking
is limited by the ability of the water phase to store the released strain energy. The
total heave or shrinkage in a soil mass is the sum of the products of the vertical
strains and the increment of depth to which they apply, Az,

A = Yf [AX] Az, ©
i=i \4 i
where n = the number of depth increments;
Az = the i® depth increment; and

(AV/V), the volume strain in the i* depth increment.

The principal material property needed to compute the vertical movement is
the suction compression index, +,. This may be estimated with the chart developed
by McKeen (1981), shown in Fig. 4. The two axes are given by the activity ratio,
Ac, and the Cation Exchange Activity ratio, CEAc, which are defined as follows:

Pl %
(% -2 micron) 149 ®)
(% -No.200 sieve)

Ac =

CEC milliequivalents
CEAc = 100 gm of dry soil ©)
(% -2 micron) % 100
(% - No. 200 sieve)

where PI = the plasticity index in percent.
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FIG. 4. Chart for the Prediction of Suction Compression Index Guide
Number

The denominator of both activity ratios is known as the "percent fine clay"
and represents that percent of the portion of the soil which passes the No. 200 sieve
which is finer than 2 microns.

The Cation Exchange Capacity (CEC), may be measured with a spectropho-
tometer (Mojeckwu 1979) or it may be estimated with sufficient accuracy by Eq.
(10) which was developed by Mojeckwu (1979):

CEC = (PL%)YW (10)

The regions on the chart each have a volume change guide number corre-
sponding to the suction compression index of a soil with 100 percent fine clay.
Values of the guide numbers are given in Table 1. The actual suction compression
index is proportional to the actual percent of fine clay in the soil. Thus the actual
7y 18:

= X
hoTo [ % - No. 200
for the soil portion finer than the No. 200 sieve. A method for estimating v, for
soils containing coarse-grained particles was developed by Holmgreen (1968).
The mean principal stress compression index, 7,, is related to -, by the
following equation:

% - 2 micron ] (11

Yo T T
s+ 0 (12)

° |30}

where O = the volumetric water content; and



dh/d© = the slope of the suction-versus-volumetric water content curve.

TABLE 1. Values for a Soil with 100% Fine Clay Content

Region Volume Change
v, Guide Number
I 0.220
II 0.163
IITIA 0.096
IIIB 0.096
IVA 0.061
IVB 0.061
VA 0.033
' VB 0.033

SUCTION PROFILES

For design purposes, it is desirable to compute the total heave that occurs
between two steady state suction profiles, one given by a constant velocity of water
entering the profile (low suction levels due to wetting) and the other given by a
constant velocity of water leaving the profile (high suction levels due to drying).
Steady state conditions are given by Darcy’s law:

v = k| H (13)
aZ
The total head, H, is made up of the total suction, h, and the elevation head, Z:
H = h+2 (14)
The gradient of total head is:
6H _ oh (15)
azZ aZ
- Solving for the change of suction as a function of the change of elevation
gives:
éh = -3z [1+X] (16)
k
Use of Gardner’s equation for the unsaturated permeability (Gardner, 1958)
gives:

(]

Ah = -AZ [ 1+ kl (1 + a|h|n)] (17)



where a, n = 107?, 3.0 typically; and
k, = saturated permeability, cm/s.

The sign of the velocity, v, is positive for water leaving the soil (drying) and

negative for water entering the soil. Using Mitchell’s equation for the unsaturated
permeability (Mitchell 1980) gives:
1+ ¥ b 1)
kO hO

Ah = -AZ

where h, = about —100 cm. in clays.

Mitchell’s expression takes into account, to some extent, the increased

permeability of the soil mass due to the cracks that become open at high suction
levels. This is illustrated in Fig. 5 which contrasts the permeability of intact soil
with the Mitchell unsaturated permeability formulation. The increased permeability
due to cracks begins to develop at approximately a pF of 3.5. It is speculated that
in general, the pF-level where cracks begin to form is the equilibrium pF-value
which corresponds to the local value of the Thornthwaite Moisture Index
(Thornthwaite 1948). The velocity of water entering or leaving the soil may be
estimated from Thornthwaite Moisture Index moisture balance computations.

The suction profiles for two transient states can be predicted approximately
using Mitchell (1980):

U(Zt) = U, + U, exp [—z _“_”] cos [21mt - ZJ—PE (19)
82 o
where U, = the equilibrium value of suction expressed as pF;

U, = the amplitude of pF (suction) change at the ground surface;

n = the number of suction cycles per second (1 year = 31.5x10°
seconds);

a = the soil diffusion coefficient using Mitchell’s unsaturated permeability
(ranges between 10° and 10 cm¥s); and

t = time in seconds.

Tables of values of U, and U, for clay soils with different levels of Mitchell’s
unsaturated permeability have been found using a trial and error procedure. The dry
suction profile has a U -value of 4.5 and a U -value of 0.0. The wet suction profile
has U, and U,-values that vary with the soil type and Thornthwaite Moisture Index.
Typical values are shown in Table 2.

Values of n are 1 cycle per year for all Thornthwaite Moisture Indexes (TMI)
less than -30.0 and 2 cycles per year for all TMI greater than -30.0.

Eq. (16) shows that the equilibrium suction profile corresponds to a vertical
velocity of zero and that it has a slope of 1 cm more negative suction for every 1
cm higher in elevation.
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FIG. 5. Permeability Relationships for Intact and Cracked Clay Soil

Use of Mitchell’s unsaturated permeability formulation in a finite element
simulation of suction changes on each side of a vertical moisture barrier produced
reasonable predictions of the measured values except in the vicinity of cracks that
were open to the air. The pattern of measured versus predicted suctions are as
shown in Fig. 6. Actual data for a monitoring site near Seguin, Texas are shown
in Fig. 7, (Jayatilaka et al. 1993). A crack that is open to the atmosphere gets much
wetter and drier with fluctuations of the weather than does the cracked soil in which
the cracks are not open to the air. The close correspondence between the predicted
and measured values of suction in all other instances lends support to the practical
use of Mitchell’s relationship for unsaturated permeability.

The values of the equilibrium suction U, that may be used to estimate suction
profiles vary with the Mitchell unsaturated permeability, p(cm*/sec), and the
Thornthwaite Moisture Index. Typical values are given in Table 3.

Heave (or shrinkage) from a present condition in the soil uses as the initial
value of suction, h;, the value measured from samples taken. The suction can be
measured by any of a number of acceptable means. The filter paper method is the
simplest.



TABLE 2. Wet Suction Profile Values

Thornthwaite Mitchell U, U,
Moisture Index Unsaturated ()] PF)
Permeability
(cm?/s)
5 % 10° 4.43 0.25
46.5 1 x 10°® 4.27 0.09
113 5 x 10° 3.84 1.84
) 1 X103 2.83 0.83
5 x 10° 3.47 1.47
26.8 1 x 103 2.79 0.79
5.0
4.5 -
VA s(‘r'i?)ﬂ, Line of Equality ——_ ¢
L
4.0 |- . s
v XA
3.5 N Intact Soil ———— J (_,KAC»J
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FIG. 6. A Typical Pattern of Measured Soil Suction vs. Predicted Soil Suction

If the suction profile is not controlied by the evapotranspiration at the soil
surface but by a high water table, this fact can be discovered by measuring the
suction on a Shelby tube sample. If the magnitude of the suction is lower than that
expected when the suction profile is governed by surface evapotranspiration, then
it is controlled by a high water table. This will usually be within about 10 m (30
feet) below the surface.

If the suction is higher than expected then there is osmotic suction present.
Osmotic suction levels may be measured with vacuum desiccators.
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FIG. 7. Measured Soil Suction vs. Predicted Soil Suction at Seguin
(Jayatilaka et al. 1993)

TABLE 3. Equilibrium Suction Values, U

€

Mitchell Unsaturated Permeability, cm?/s
TMI 5 x 10° 2.5 x 10* 1.0 x 10?3
-46.5 4.27 4.32 4.43
-30.0 3.80 3.95 4.29
-21.3 3.42 3.64 4.20
-11.3 2.83 3.10 3.84
26.8 2.79 3.05 3.47

ESTIMATES OF UNSATURATED SOIL PROPERTIES
- The fundamental definition of p is :
k |h,|

- Slfelb (20)
0.4343

where | h,| = 100 cm for clays.

The units of k,, the saturated permeability, (cm/s), and | h, | , the suction
at which the soil desaturates (cm) produce units of (cm%s) for the Mitchell
unsaturated permeability.
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The Mitchell unsaturated permeability, p, is estimated by:

AYq4

p = (cm?/s)
|S17,
where v, = the unit weight of water;
a = the Mitchell diffusion coefficient, cm?/s, which is used in Eq. (19);

| S| = the absolute value of the slope of the pF-vs-gravimetric water
content, w line; and
vs = the dry unit weight of the soil.

The value of « can be estimated from:

o = 0.0029 - 0.000162(S) - 0.0122(y,) en

The'value of S is negative and can be estimated from:
S = -20.29 + 0.1555(LL %) - 0.117(P1%)
+ 0.0684 (% -#200)

(22)

where LL = the liquid limit in percent;
PI = the plasticity index in percent; and
-#200 = the percent of the soil passing the #200 sieve.

The slope of the suction-versus-volumetric water content curve is given by:

S
oh) 1 SW 23)
30 0.4343 ~,

Because both S and h are negative, the slope is inherently positive as
illustrated in Fig. 1. The correction term in the relation between v, and -y, given
in Eq. (12) is found by:

h _0.4343
" (an)l  Sw 24
o |9h SW @4
a0
where w = the gravimetric water content.

Because S is negative, so is the correction term.

An approximate suction (pF)-versus-volumetric water content curve can be
constructed with the empirical relationships given above and the saturated volumetric
water contents given in Table 4. The construction is illustrated in Fig. 8. First,
point A is located at the intersection of the field capacity volumetric water content
( = 0.88 6,,) and a pF of 2.0. Second, a line with a slope of Sv,/v,is drawn from
point A to its intersection with the vertical axis. Third, point C is located at a
volumetric water content of 0.10 6,,, and the tensile strength of water (pF = 5.3 or
200 atmospheres). Fourth, point D is located at zero water content and a pF of 7.0,



corresponding to oven dry. Fifth, a straight line is drawn between points C and D
to its intersection with the first line.

This construction makes it possible to estimate water contents once the
computed suction profiles are known. This allows measured water contents to be
compared with the predicted values.

TABLE 4. Ranges of Saturated Volumetric Water Content by
Unified Soil Class (Mason et al. 1986)

Unified Class Ranges of ©,,
GW 0.31-0.42
GP 0.20
GM 0.21-0.38
' GM-GC 0.30
SW 0.28 - 0.40
SP 0.37 - 0.45
SM 0.28 - 0.68
SW-SP 0.30
SP-SM 0.37
SM-SC 0.40
ML 0.38 - 0.68
CL 0.29 - 0.54
ML-CL 0.39-0.41
ML-OL 0.47 - 0.63
CH 0.50

* O, = n (porosity)

DIFFERENTIAL MOVEMENT

Differential movement which affects the performance of a ground-supported
slab may take numerous shapes but the most important shapes for design purposes
are those which generate the maximum values of moment, shear, and differential
deflection of the slab. The two shapes that can be generated by water entering or
leaving the soil beneath a slab are the edge lift and center lift conditions.

If a slab is cast on dry ground, the entire slab may move upward until an
equilibrium suction profile is established, after which the edges will move up and
down in response to the seasonal changes. If the same slab were cast on wet
ground, the entire slab will move downward until an equilibrium profile is
established. Once more, the edges will move up and down in response to the
seasonal moisture changes. Thus, a major concern for design is whether these
seasonal movements will cause moment, shear, and differential deflections that
exceed the capacity of the designed slab cross-section. The distance within which
these changes take place has been named the "edge moisture variation distance".



An empirical relation between this distance and the Thornthwaite Moisture Index has
been used in the Post-Tensioning Institute Manual for the Design and Construction
of Post-Tensioned Slabs-on-Ground (1980). Because it is known that the "edge
moisture variation distance" depends upon the permeability of the soil as well, it is
important to determine that relation.

D .
7.0 < Oven Dry
6.0 -~ Air Dry
t Tensile Strength
5.0 4} of Confined Water
pF : Wilting Point
O\
4.0 4
S Iyd
3.0 (Ywl/yd)
2.0 + Field Capacity
1.0 4
0 1 1 6 sat
0.10 6 gat 0.88 O gat

FIG. 8. Approximate Construction of a Suction (pF)-versus-Volumetric
Water Content Curve

The calibrated finite element program with coupled transient moisture flow
and elasticity that had been used in the study of vertical moisture barriers provided
an ideal means to study the edge moisture variation distance. A full range of « and
p values were used to determine the relation of the moisture distance and the
Thornthwaite Moisture Index and unsaturated soil properties. Both edge lift and
center lift conditions were explored using several hundred runs with the program.
Center lift conditions were simulated by a one year dry spell following a wet suction
profile condition. Edge lift conditions were simulated by a one year wet spell
following a dry suction profile condition. The edge moisture variation distance was
considered to be that distance between the edge of the foundation and the point
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beneath the covered area where the suction changed no more than 0.2 pF during the
entire period of simulation.

The dry and wet conditions used annual suction variation patterns that were
appropriate for each of nine different climatic zones ranging from a Thornthwaite
Moisture Index of —46.5 to +26.8, spanning the range found in Texas. The
resulting edge moisture variation distances are shown in Figs. 9 and 10. Seven
different soils were used in the study. No distance less than 2.0 feet (0.6 m) was
considered to be adequate for design purposes.

In Fig. 9 for the center lift condition, Soils No. 1, 2, and 3 are highly

pervious and Soils No. 5, 6, and 7 are practically impervious.

Only s

oils with

properties between No. 3 and No. 4 have edge moisture variation distances in the
range presently used in the PTI manual (1980).
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FIG. 9. Edge Moisture Variation Distances for the Center Lift Moisture

Condition

In Fig. 10 for the edge lift condition, Soils No. 5, 6, and 7 are practically
impervious while Soils No. 2, 3, and 4 have edge moisture variation distances in the
range presently used in the PTI manual. Soil No. 1 is more pervious and outside
the range presently used in the PTI manual.

The edge moisture variation distances of soils with unsaturated permeabilities
different than these seven soil types can be found by interpolation on these two
figures. The edge moisture variation distance in center lift mode, in which the soil
around the edge of the slab is drier than the soil supporting it, is more sensitive to
changes in the unsaturated permeability than with the edge lift mode.
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CONCLUSIONS

Simple laboratory tests can be used to determine important properties of
~ expansive soils including the compression indices due to matrix suction and mean
principal stress, the slope of the suction-versus-water content curve, and the
unsaturated permeability and diffusivity. The tests are the Atterberg limits,
hydrometer test, water content, dry density, and sieve analysis.

Prediction of differential movement depends strongly upon the edge moisture
variation distance which, in turn, depends upon the Thornthwaite Moisture Index
and the unsaturated permeability of the soil. Tree roots penetrating beneath the edge
of a building will have a zone of moisture influence beyond the edge of the root
zone equal to the edge moisture variation distances shown in Figs. 9 and 10. This
explains the unusually destructive effect that trees have when they grow near enough
to the edge of a foundation to have their roots intrude beneath the edge. It also
explains the effectiveness of vertical root and moisture barriers around the perimeter
of the foundation in reducing the moisture variation distance and the differential
movement. A vertical barrier carried to a depth of a 4 feet (1.2 meters) excludes
many roots, makes the edge moisture variation distance predictable, and reduces the
differential movement that a foundation must be designed to withstand.
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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 notés 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.




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 wused for residential,
commercial and industrial, public infrastructure,
and high rise construction types of foundations
incliide 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 solil
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 of

expansive soils.

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

FOUNDATION TYPE MEASURES OF PERFORMANCE
Slab - on - Ground Differential Movement
Drilled Pier Total Movement
- Heave, shrinkage
- Collapse
Retaining Wall Lateral Pressure e
- 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
Alrport Amplitude Spectrum
Acceleration
Distress
Highway, Road, Amplitude Spectrum
Guideway 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 Spectrum
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.
Plasticity properties include
limiting equilibrium -
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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