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ABSTRACT

Expansive soils cause damages to structures due to swelling or shrinking as a response to
change in soil moisture. Expansive soil is one of the most costly natural disasters in the
world. Its destructive impact is manifested predominantly in structural damage and is not
as catastrophic as other natural disasters such as earthquakes, tornadoes, and floods. Jones
and Holtz (1973) reported that expansive soil is the second most likely natural disaster to
cause economic loss. Changes in the pore-water pressure can occur as a result of variations
in climate, change in depth to the water table, water uptake by vegetation, removal of

vegetation or the excessive watering of a lawn.

This dissertation presents an investigation of engineering behavior of expansive soils.
An analytical study was undertaken for the implementation of a unsaturated nonlinear
elastic constitutive soil model in two-dimensional finite element computer program that
performs a sequentially uncoupled flow-displacement analysis for the prediction of volume
change in soils supporting various elements of civil infrastructure. This analytical tool for
the prediction of heave is extremely valuable to geotechnical engineers. There has been

little advancement in the development of such a tool for solving engineering problems.

A major problem in design foundations on expansive soils is to consider the expected
different causes of water variations along the life of building. The research studies in detail
the different caues of water variations and its effect on volume change of expansive soills.
A paramteric study for causes of water variations such as climate conditions, lawn, pipe
leakage and surface infiltration are conducted. The parametric analysis resulting from the
program showed that using the new analytical technique provides a good and simple tool to

asses the effect of different water variations causes on shallow foundation heave.

Furthermore, this research aims to advance the state of the art with respect to using
sand cushion to avoid the danger of expansive soils heave on shallow foundation. Research
investigate the effect of sand cushion depth, lateral extension and relative density on soil

heave.

In summary, the proposed analysis methodology provides a practical and economical

approach to estimate heave of shallow foundations on expansive soils.

XX1
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CHAPTER (1)
INTRODUCTION

Expansive soils undergo appreciable changes in volume and strength following changes in
moisture content. The changes in volume can cause extensive damage to infrastructure.
Damage to lightly loaded structures founded on expansive soils has been widely reported
throughout the world, which complicate construction activities around the world.
Although, damage costs from expansive soil exceed damage costs from earthquakes and
hurrcanies, expansive soils have not given the sufficient interest (Jones and Holtz, 1973).
This is attributed to the slow process of foundation heave which damage the structure
many years after construction. Damage due to expansive soils is usually a gradual process

that starts with wall cracking at window or door openings and progressively worsens.

Expansive soils owe its behavior to the presence of swelling clay minerals. As they
get wet, the clay minerals absorb water molecules and expand; conversely, as they dry they
shrink, leaving large voids in the soil. Soils with smectite clay minerals, such as

montmorillonite, exhibit the most profound swelling properties.

Expansive soils pose the greatest hazard in arid regions. Sources of water in
developed areas are not limited to temporal weather cycles, but can be introduced by
people. A frequent source of damage is the differential swelling caused by pockets of moist
soil adjacent to dry soil. For example, lawn and garden watering creates a moist zone on
the exterior of a building, whereas the interior zone of building is dry; this creates
differential swelling pressure on foundation elements. Also, there is frequently a moisture
differential between the soils beneath a house and those that are more directly exposed to
changes in the weather. Leaky pipes and swimming pools are other common sources of

water.

Many methods for the prediction of expansive soils volume change have been
proposed. These methods may be classified as empirical methods, semi empirical
methods, laboratory methods and theoretical methods. The laboratory methods of volume
change prediction are based either on soil suction measurements (or estimations) or on
one-dimensional oedometer tests. Inspite of difficulties associated with the unsaturated soil
mechanics theoretical approach, it is still considered as a powerful tool for estimation of

volume change of expansive soils.
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Applying the unsaturated soil mechanics concepts for heave predication requires

using numerical methods to overcome the difficulties of solving the non linear differential

equations of water flow and soil deformation. The finite element method considered the

most favorable method.

1.1 Research Objectives and Scope

The focus of this research is to apply the concepts of unsaturated soil mechanics for the

quantification of volume change (heave) of expansive soil under different factors. The

objectives of the research proposed herein are to:

1)

()

(3)

(4)

()

(6)

(7)

Provide an analytical tool for the deformation analysis of unsaturated expansive

soils.

Use uncoupled approach to model volume change problems associated with

expansive soils in the finite element framework.

Implement Fredlund's unsaturated soil model (Fredlund, 1993) in finite element

framework and used it to quantify heave of expansive soils.

Use the modified finite element program to simulate the effect of variation in soil
suction from different sources, such as rainfall, lawn and garden watering and pipe

leakage and to estimate heave due to change in soil suction and external stresses.

Perform a parametric study of the factors affecting the swelling process, such as
climate conditions, lawn effect, pipe leakage and infiltration on soil deformation.

Perform a parametric study to investigate the effect of sand cushion parameters on

decreasing the heave of foundation rested on expansive soils.

Asses the effect of footing dimensions and pressures on the heave of expansive
soils.

The scope of this thesis is limited to a theoretical study. Most practical geotechnical

geometries can be reduced to a two-dimensional plane strain condition. Therefore, the

models proposed herein are limited to two-dimensional conditions. The analysis of the

flow and stress deformation mechanism is modeled using uncoupled approach.




CH. (2): Introduction

1.2 Research Methodology

The research methodology established herein was designed in order to overcome
difficulties associated with the application of unsaturated soil mechanics into engineering
practice and give an analytical tool for analysis of deformation for unsaturated expansive
soil. To achieve the aforementioned objectives, a number of methodological steps were

performed as described below.

(i) Selection and preparation of finite element program: CRISP Program is used in this

thesis. The program was rewritten with Fortran code in 6.1 power station version;

(i) Verification of the program for saturated soil models: five examples from the
manual were used for verifying the rewritten program with different soil models:

Linear Elastic, Cam Clay and Modified Cam Clay;

(iii) Finite Element formulation of the Fredlund’s unsaturated soil model: the
constitutive model of Fredlund is used to model the stress deformation behaviour of
unsaturated expansive soil. This model is formulated in the finite element form. The

incremental suction effect was modeled as equivalent nodal forces;

(iv) Implementation of Fredlund's model in CRISP: the model is implemented with
FORTRAN code in the CRISP program. The program is modified to fit the two
stress variable model with the capability to read soil suction as an input file from

commercial flow program (SEEP/W);

(v) Simulation of flow in unsaturated soil using commercial Program (SEEP/W):
SEEP/W is used to estimate the suction field in the domain of the problem due to
water infiltration from rainfall, lawn and pipe leakage. The output of the flow
analysis is used as input for the stress deformation analysis;

(vi) Verification of program for unsaturated expansive soil: Analysis of one case
history and three example problems are performed to verify the finite element
implementation of the model. Case history for the heave of slab on floor in Regina
site is used to verify the implemented model and comparison the theoretical analysis

to field tests. Also, example problems which include simple heave example

3



CH. (2): Introduction

introduced by Fredlund's, (1993) to simulate the effect of suction, lawn effect

example and water infiltration example were used for verification.

(vii) Parametric study for the sources of water content variation affecting the swelling
process: Analysis of the water content variation sources affecting the swelling such
climate conditions, lawn effect, water infiltration effect and pipe leakage effect was
performed. Also the effect of dimensions and parameters of sand cushion was
investigated. The parametric study of these factors provides insight about the effect

of each factor.

1.3 Thesis Outline

This thesis is organized in seven chapters. The present chapter introduces the unsaturated
expansive soil problem. A description of the hazards of expansive soils was presented,
along with an overview of water variation sources in developed areas. In addition, different
methods for estimation of foundation heave in expansive soils were mentioned. Finally, the
objectives and scope of the thesis were presented. The following paragraphs present a

concise description of the contents of the remaining chapters.

Chapter 2 presents a literature review covering different aspects of expansive soil
behaviour. A concise review of identification methods of expansive soils such as standard
classification tests, mineralogical tests and cation exchange capacity tests is presented. A
review of mechanical behavior of unsaturated soil included shear strength and volume
change mechanisms is presented. A review of water and air flow properties is also
summarized. The soil water characteristic curves (SWCC) and unsaturated soil property
functions that relate hydraulic and mechanical properties to SWCC are introduced. Finally,

heave prediction using empirical, theoretical and numerical methods are reviewed.

Chapter 3 presents the theoretical approaches as well as programs used in this
research. First, Fredlund’s model (Fredlund, 1993) for unsaturated soil that relates the
deformation to stress variables is introduced in detail. Next, an overall description of the
CRISP (CRiItical State soil mechanics Program) is provided, showing the soil elements,
soil models incorporated in this program. In addition, SEEP/W program is presented with

its soil elements and flow models of water and air through unsaturated soil. Also, finite
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element formulation of unsaturated expansive soil model using uncoupled approach is
presented. Finally, the evaluation of the elasticity parameter functions from volume change

indices used in this research is provided.

Chapter 4 provides verification of the modified program in the light of past case
histories and example problems for volume change of unsaturated expansive soils. First,
simple heave example problem introduced by Fredlund, (1993) is modeled by the program
to verify the incremental suction effect. Second, the heave of a floor slab on Regina clay is
introduced to compare the field measurements with results of implemented model. Third,
example problem for simulation the effect of lawn on soil deformation is modeled to verify
the implemented model. Finally, example problem for simulation the effect of infiltration

on soil volume changes is presented.

Chapter 5 presents the analysis of different sources of water content variation such as
climate conditions, lawn effect, pipe leakage and surface infiltration on soil suction
changes and soil volume changes. A parametric study for the effect of these conditions on
the shallow foundation is investigated as well as footings dimensions and loading

pressures.

Chapter 6 presents a study for the effect of sand cushion on the magnitude of heave
under footings. The study includes effect of depth, lateral extension, modulus of elasticity

of sand cushion on heave of footing.

Finally, the conclusions from this research and the recommendations for potential

future studies are provided in Chapter 7.
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CHAPTER (2)
LITERTURE REVIEW

2.1 Introduction

Expansive soils include clays and fine silts which swell as their moisture content increases
and shrink as their moisture content decreases. These soils cause widespread problems for
the structures especially light weight structures. The structures most commonly damaged

are roadways, irrigation canals , pipelines and small buildings.

Damage to light structures caused by expansive soils has been recoreded over the
world. Expansive soils have been called the hidden disaster because their damage cost is
greater than the combined damage from natural disasters such as floods, earthquakes and
hurrcanies (Jones and Holtz, 1973). The damages regarding expansive soils have caused $7
billion each year in the united state alone (Senthen, 1986) . In Canada, volume change for
clay is considederd the most costly natural hazard to buildings on shallow foundations
(Hamilton, 1977) . In Egypt, there is no official survey for damage from expanive soils.
However, it is clear, for all geotechnical specialists that the costs of damage or over-design

are extermally high.

The moisture in soils near the ground surface fluctuates due to variations in climate,
watering of gardens and lawn, presence of trees and shurbs, change of water table, and
leakage from water and drainage pipes. All sources of mositure changes may be controlled

to some extent except the climatic variations.

Expansive soils are commonly unsaturated; therefore the the theory of unsaturated
soil mechanics may be used for predicting the behviour of expansive soils. The mechanical
behavior of unsaturated soils has become of special interest in recent years only. There

were four international conferences on unsaturated soils from 1995 to 2006.
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2.2 ldentification of Expansive Soil

In engineering practice, identification is often based on standard classification tests such as
liquid limit and plasticity index. However, other laboratory tests are used in identifying the
swelling potential. These laboratory tests include the mineralogical methods, cation
exchange capacity (CEC), free swell, California Bearing Ratio (CBR), coefficient of linear
extensibility (COLE) and expansion index test. Details about the most popular methods are

introduced in the following sections.

2.2.1 Standard Classification Tests

Atterberg limits are widely used for identification of swelling soil. The increase of the
plasticity index is considered as an indicator of increase of sweling potential. Chen (1988)

presented a classification of swelling soil based on plasticity index as shown in Table (2.1)

Table (2.1): Expansive Soil Classification Based on Plasticity Index

Plasticity Index Swelling Potential
0—-15 Low
10— 35 Medium
35-55 High
55 and above Very high

Classification based on shrinkage index is found to be unreliable to predict the
swelling potential of soil. However, it may be used with the plasticity index for

identification as shown in Table (2.2) (Raman, 1967).

Table (2.2): Expansive Soil Classification Based on Plasticity and Shrinkage Index

PI (%) SI(%) Degree of Expansion
<12 <15 Low

12 -23 15-30 Medium

23 —32 30 —40 High
>37 >40 Very high

The colloidal sized particles have a significant effect on the swelling potential. The
colloid size refers to the fraction finer than 0.002 mm which is determined by hydrometer
analysis. The amount of swell increases with the increase of colloid content. Seed (1962)
studied the influence of clay content on swelling potential and suggested that Atterberg

limits and clay content can be combined into a single parameter called soil activity for
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more reliable classification of expansive soils as shown in Figure (2.1). Soil activity may
be defined as follows:

_ o
C

A 2.1)

Where:
A : Activity of soil.
PI : Plasticity index.

C : Percentage of clay size.

5
4
3
=
=
o
{ 2 |
Very high
Swelling
1 Potential
25%
5%
1.59
0 i

| |
20 40 60 80 100
Percent clay size (<0.002 mm), %

Figure (2.1): Classification of Expansive Soil with Activity (Seed, 1962)

Based on soil activity, Skempton (1953) suggested three classes of clay: inactive for
activities less than 0.75; normal for activities between 0.75 and 1.25; and active for
activities greater than 1.25. Typical values of activities for different clay minerals are as

follows in Table (2.3).

Table (2.3): Typical Values of Activity for Clay Minerals

Mineral Activity
Halloysite (4H»0) 0.10
Halloysite (2H»0) 0.50
Kaolinite 0.33 —0.50
Ilitte 0.50 — 1.00
Attapulgite 0.50 — 1.20
Altophane 0.50 - 1.20
Montmorillonite (Ca) 1.50
Smectities 1.00 — 7.00
Montmorillonite (Na) 7.20
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Holtz (1959) proposed a method for estimated the degree of expansion of expansive
soils. This method involves the direct correlation of observed volume change with
colloidal content, plastic index, and shrinkage limit. The degree of expansion and limits of
correlated properties are shown in the following tabulation:

Table (2.4): Expansive Soil Classification Based on Colloid Content, Plasticity Index
and Shrinkage Limit (Holtz, 1959)

Colloid Content PI SL Expansion Degree of
% (-1um) % % % Expansion
<15 <18 >15 <10 Low
13-23 15-28 10-16 10-20 Medium
20-31 25-41 7-12 20-30 High
>28 >35 <11 >30 Very high

Experience has shown that this method correlates reasonably well with expected
behavior and provides a good indicator of potential volume change. The major criticisms
of the method are that the colloidal content indicates amount but not the type of clay

constituents and that the hydrometer test is not a routine test in many agency laboratories.

A comparison between the different classification procedures shows a considerable
range of potential volume changes for a given plasticity index. This difference may be
attributed to different soil types, different samples types (i.e. remolded or undisturbed) and
different initial moisture content (i.e. air dried, compacted to optimum moisture content or

natural).

2.2.2 Mineralogical Tests

Clay mineralogy is a fundamental factor controlling expansive soil behavior. There
are different procedures for determination the clay minerals and its percentage in specific
sample. These common methods include X- ray diffraction, differential thermal analysis
and electron microscopy. Other mineralogical methods may be used for identification such

as chemical analysis, infrared spectroscope, dye adsorption and radio electrical dispersion.

The most popular method is X — ray diffraction analyis which works on the principle
that beams of X- rays diffracted from crystals are characteristic for each clay mineral
group. The differential thermal analysis (DTA) consists of simultaneously heating a sample
of clay with an inert substanc. The resulting thermograms are used to identify the minerals.

Electron microscopes are used to observe the size and shape of particles.
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2.2.3 Cation Exchange Capacity

Clay minerals have the property of adsorbing cations and retaining them in exchangable
state. The adsorbed cations can be replaced by other cations which have stronger attraction.
For example, AI*" cations are more strongly attracted than Ca®" cations. Thus A’ ions can
replace Ca’" ions. This process of replacement called "Cation Exchange" or "Base
Exchange". Cation Exchange Capacity is expressed in terms of the total number of
positive charges adsorbed per 100 gms of soil. It is measured in milliequivalent (meq),
which is equal to 6x10* electonic charges.

In general, swell potential increases as CEC increases because of the higher surface
activity. Typical values of the CEC for different clay minerals are given in Table (2.5). The

measurement of CEC is routinely performed in agriculture soils laboratories with low cost.

Table (2.5): Typical Values of CEC for Clay Minerals (Mitchell, 1976)

Mineral Cation Exchange Capacity
Kaolinite 3-15
Ilitte 10 - 40
Montmorillonite 80 - 150

2.2.4 Free Swell

The free swell test is a very simple test used only as indicator. A 10 ecm® dry sample
passing through the sieve No. 40 is placed into a 100 cm’ graduted cylinder filled with
distilled water. The free swell is determined as the percentage ratio of the change in
volume to the initial volume. Holtz and Gibbs (1956) stated that soils having a free swell
value below 50% are considered to be non-considerable swelling while soils having values

between 50% to 100% may exhibit considerable expansion in field.

2.2.5 Oedometer Tests

Several test procedures have been used in the indentifical and mechanical modelling of
expansive soils using one-dimensional consolidation apparatus. Various loading sequences
and applied surcharges pressures have been used to simulate in situ conditions. The main
types of tests are the swelling-consolidation test, constant volume test and double

oedometer test.

10
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2.2.5.1 Swell-Consolidation Test (Free Swell oedometer Test)

In this test, the unsaturated sample is initially loaded to the overburden surcharge or the
overbuden surcharge plus the structure load. Then, the sample is allowed to swell when
water is added to it. After complete swelling. The sample is loaded and unloaded as the

conventional manner in the standard consolidation test.

The swelling pressure is defined as the pressure required to recompress the fully

swollen sample back to its initial volume. An idealized plot of swell-consolidation test data

is shown in Figure (2.2).

11 T ! LAY 1 T
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10 100 1000
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Figure (2.2) : Swell-Consolidation Test Data Plot

2.2.5.2 Constant Volume Test

The sample is inundated in the oedometer cell while preventing it from swelling. The
swelling pressure in this test is defined as the maximum pressure required to maintain the
sample at its initial volume. When the sample have no increase in volume after soaking, it
may be loading and unloading in conventional manner in oedometer test. Figure (2.3)

illustrates an idealized constant volume test.

11
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Figure (2.3) : Constant Volume Test Data Plot

2.2.5.3 Double Oedometer Test

The test involves two undistrubed samples. One loaded at its natural water content while
the other is loaded under saturated condition. The two samples consolidation are plotted on
the same graph. The curve of the initially dry sample is adjusted to match the curve for the
saturated sample at high loads. This adjustement is made to consider the difference in the
initial void ratios of the two tested samples. The initial void ratio is obtained from the
initially dry sample curve at the initial stress and the final void ratio is obtained from the

saturated sample curve at the final field stress including the structure loads as introduced in

Figure (2.4).

O . s Saturated sample

S~ N Adjusted Natural moisture

So N . content samnle

Void Ratio
/

Natural moisture S

content sample ~

>0

Oo ot Pressure (kPa)

Figure (2.4) : Double Oedometer Swell Test ( Jennings and Knight, 1957)
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2.2.5.4 Corrections for Oedomter Test Results

Sampling disturbance increases the compressibilty of the soil, and does not permit the
laboratory specimen to return to its insitu stress state at its insitu void ratio. Sampling
disturbance causes the conventionally determined swelling pressure, Py, to fall below the
true swelling pressure. Fredlund et al. (1980) proposed an emperical procedure to
compensate for the effect of sampling disturbance. In this test procedure, a constant
volume test is conducted. Once the uncorrected swelling pressure, P, is reached, the
specimen is further loaded in compression up to a higher pressure and then unloaded. The
void ratio, e, versus log pressure curve obtained is used to find a corrected swelling
pressure, Ps, by using a modified Casagrande type of geometrical construction as shown in
Figure (2.5). The corrected swelling pressure may be significantly greater than the

magnitude of uncorrected swelling pressure.

In addition, the results of the oedometer test should be corrected to considering the
compressibilty of the oedometer cell. The compressibity of the appartus is signifant due to
the high incompressiblity of the expansive soil samples which have high preconsolidation

pressure.

1 Uncorrected
swelling
pressure, Fy Corrected
. swelling

' pressure, P:

Consolidation and
rebound curves
adjusted for
compressibility

of aparatus

Void ratio, e

Parallel

L 2

log (o - ug)

Figure (2.5): Constuction Procedure to Correct the Effect of Sampling Disturbance
(Fredlund et al., 1980)
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2.3 Prediction of Heave

Heave prediction of expansive soils can be conducted using different methods to various
degrees of accuracy. These methods can be classified into three categories: theoretical,
semi-empirical, empirical methods. Theoretical methods rely on testing procedures and
analysis techniques and empirical methods usually based on test data from particular

region in which they are developed.
2.3.1 Empirical Methods

Many empirical procedures have been developed to predict the swelling potential and
swelling pressure. These methods are generally easy to use and do not required special
tests. The major disadvantage of empirical methods that they are based on a limited
amount of data from specific region. Therfore, the application of these methods should be

used with caution because they considered only as indicator for heave.
2.3.1.1 Van Der Merwe’s Method (1964)

This method provides an empirical relationship between the degree of expansion, the
plasticity index, the percent of clay fraction and the surcharge pressure. The total heave at

ground surface is found from:

D=n
AH =) F*PE (2.2)

D=1

Where:

AH: total heave ( inches)

F: reduction factor for surcharge pressure, F = 10"’
PE: potential expansiveness in inch/foot of depth

Hs: depth of soil layer in increments of 1 foot

The potential Expansiveness, PE, is found by assumed values of PE = 0, 0.25, 0.50
and 1.0 inch/foot for low, medium, high, and very high levels of potential expansiveness;
respectively. Levels of potential expansiveness are determined from Figure (2.6) as
function of plasticity index and percentage of clay fraction. The potential expansiveness
values are based on consolidometer swell test and field observations. This method does not

consider initial soil conditions such as water content, suction or density.

14
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Figure (2.6): Potential Expansiveness of Volume Change (Van Der Merwe, 1964)

2.3.1.2 Vijayvergiya and Sullivan’s Correlation (1973)

The swell ratio from initial water content to fully saturarion condtion under 0.1 tsf

surcharge pressure may be estimated as follow:
Log S, =1/12 (0.44LL —w, + 5.5) (2.3)

Log S, =1/19.5 (6.242y,+0.65LL-130.5) (2.4)
Where:
Sp: swell ratio (4 H/Hs)
LL: liquid limit
w,: 1Initial water content

74 dry weight density in kN/m’

15
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2.3.1.3 Schneider and Poor’s Correlation (1974)

The swell ratio under diffenent surcharge loads may be evlauated by correlations given in

Table (2.6).

Table (2.6): Swell Ratio Correlations under Different Surcharge Loads (Schneider, 1974)

Surcharge (ft) Log Sp
0 =0.90 (Pl/w,) — 1.19
3 =0.65 (PI/w,) — 0.93
5 =0.51 (Pl/w,) — 0.76
10 =0.41 (Pl/w,) — 0.69
20 =0.33 (Pl/'w,) — 0.62

2.3.1.4 Nayak and Christensen’s method (1974)

The method involves the development of two statistical relationships, one for swell
percentage and the other for swelling pressure, in terms of plasticity index, percent clay

content, and initial moisture content. The developed relationships are:

S, (%) =0.0229(PI )" W£+6.38 (2.5)
P, :0.035817(PI)“2%+3.7912 (2.6)

Where:

Sp: predicted swell percentage
PI: plasticity index, percent
C': clay content, percent

W,: initial moisture content

Py: swelling pressure

2.4.1.5 Johnson’s Correlation (1978)

The swell ratio from initial water content to fully saturarion condtion under 1 psi surcharge

pressure may be estimated as follow:

Sp = 23.82 + 0.734PI — 0.1458Hs —1.7 w, + 0.0025 P w, — 0.00884 PI (Hs)

PI> 40 (2.7)
Sp =-9.18 + 1.5546 PI + 0.08424 Hs + 0.1 w,— 0.0432 Pl w, - 0.01215 PI(Hs)
PI< 40 (2.8)

16
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Where:

S,: swell Ratio (4H/Hs).
PI: plasticity Index.
w,: initial water content in percent.

Hs : depth of soil in feet.

2.3.1.6 Weston’s Model (1980)

Weston (1980) presented a method of calculating swell based on the liquid limit which can
be determined more accurately than plastic index. This method is an improvement of Van

der Merwe’s method (1964) to take into account the moisture content.

S, (%) =0.0004107 YT(PY o w . )* P (2.9)
% <0.425mm
Wi :(LL)(—O 100 j (2.10)

Where:

S,: swell Ratio (4H/Hs)

AH : total heave

Hs: depth of soil

P: vertical pressure in kN/m’ (kPa), under which swell takes place
w,: initial moisture content (%)

LL: liquid limit

17
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2.3.2 Semi-Empirical Methods
These methods are developed based on a extensive laboratory and field tests. In these
methods, empirical equations are used to estimate the swelling and compression indexes

which can not be easily obtained from conventional soil tests.
2.3.2.1 McKeen and Lytton’s Correlation (1981)

Mckeen suggested a model to predict the volume change considering the initial and final

soil suction. The model may be expressed as follow:

Sp =-100 y, log (z7 / 1,) (2.11)
Where:
yp 1 suction compression index.
77 final in situ soil suction .

7, - 1nitial in situ soil suction.

2.3.2.2 U.S. Army Corps of Engineers (WES) Method (Snethen et al. 1979)

The U.S. Army Corps of Engineers Waterways Experiment Station (WES) introduced the

equation (2.12) for estimating the matric suction coefficient, Cj,.

C,=aGs/100B (2.12)
Where:

a: compressibility factor
( slope of specific volume versus water content curve)

B: slope of suction versus water content curve
Gs: Specific gravity of soil
The compressibility factor, o, may be determined by a test or estimated from the

empirical equations given by equation (2.13)

a=0 PI<S
a=0.0275 PI—0.125 5<PI<40 (2.13)
a=1 PI> 40

The soil suction versus water content relationship is used for the prediction of heave.
The data are plotted on a pF scale and straight line approximation for the water content
range of interest is represented as follows:

logh! = A - Bw (2.14)
Where:

h! : soil suction without surcharge pressure

18
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A,B: constants ( intercept and slope, respectively)
The heave of an expansive soil profile is estimated using soil suction relationship as
follows:

;Iﬂ:li"; (4-Bw,) - logh! +5,)] (2.15)

N o

Where:
AH : total heave
Hs: depth of soil
e,: initial void ratio
w,: 1nitial water content

k! : final soil suction

or: final applied pressure

2.3.2.3 McKeen’s Model (1992)
Including a lateral restraint factor, the effects of changes in total suction and confining

stress on heave prediction is considered in the following equation.

AH
— =G f s (2.16)

N

Where:
AH : total heave.

Hs: depth of soil.

Cy: suction compression index.

Ah : total suction change.

f: lateral restraint factor(0.5<f<0.8 for clays).
s: load effect coefficient (typically, s = 0.9).

McKeen, (1992) presented an empirical relationship for suction compression index, Cj, as
follows:

C,= -0.02673(&}0.388704 (2.17)

Aw

Where:
Aw : change in soil water content

Perko et al. (2000) suggested the following relationship for the McKeen’s suction
compression index for the Denver area:

chz—QPLz(e+Fj (2.18)
3 e+1
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Where:
PL: plastic limit
F: weight percent passing the No. 200 sieve

e: void ratio

2.3.2.4 Hafez’s Model (1994)
Hafez proposed a model for predicting the swelling ratio of expansive soils. This model
was based on laboratory oedometer tests for artificial samples with different percentages of
clay content. The suction mearurement was performed using filter paper technique.
2
% = 0.022 (;—dj log [Z_fj (2.19)

Where:

AH : total heave.

Hs: depth of soil.

y4: dry unit weight of soil.

%e: unit weight of water.

h° : initial soil suction head.

s

h/ : final soil suction head.

20
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2.3.3 Theoretical Methods
Theoretical methods are based on soil mechanics principles, these methods may be
classified into analytical methods and numerical methods. The analytical methods are

based on mechanical or suction models.
2.3.3.1 Heave Predicion Based on Constant Volume Oedometer Test

The heave of swelling soil may predicted from the rebound protion of the oedometer test

according to the following equation:

l+e

AH = L{CSAlog (ff—ﬂ (2.20)
0 O-sc
Where:

H: depth of soil layer
e, : 1nitial void ratio
C: swelling index

Of} : final effective stress

o, : Corrected swelling pressure as indicated before

The final effective stress state should be considered the initial overburden pressure,

o, the increment of stress due to applied loads, Ac', and an equivalent stress due to the

final suction, u,,s as follow:

of =0, + 40" - u, (2.21)
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2.3.3.2 Heave Prediction Based on Soil Suction Tests (Controlled Suction Oedometer
Tests)

The total heave due to changes in both the net normal stress and the matric suction may be
written as :

HS

l+e,

AH = [C,Alog(u, —u, )+C,Alog(c—u,)] (2.22)

Where:

C,, : volume change index with respect to soil suction.
C;: volume change index with respect to net normal stress.
Uq-Uy, : soil suction.

o-u, : net normal stress.

2.3.3.3 Numerical Methods

In order to obtain an exact theoretical solution the requirements of equilibrium,
compatibility, material behaviour and boundary conditions must all be satisfied. While all
the methods have their respective advantages and disadvantages, only numerical analysis
satisfies all the required conditions and is therefore capable of approximating sufficiently
the exact solution to any geotechnical problem (Potts and Zdravkovic, 1999).

One of the most widely used methods of numerical analysis is the finite element
method. Finite element plays an important role in the prediction of the behavior of soils in
geotechnical engineering. This method is based on constitutive models that are capable of
describing the features of the soil. The constitutive models for expansive required theories
and principles of unsaturated soil mechanics, which will be introduced in the following

paragraphs.
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2.4 Mechanical Behaviour of Unsaturated Soils

The understanding of mechanical behaviour of unsaturated soil is considered important for
the analysis and design of several geotechnical projects resting on expansive soils such as
light structures, pavements, embankments and on-grade slabs. The modeling of unsaturated
soil is different from saturated soil due to the differences in behaviour. The behaviour of
saturated soil is governed only by the interparticle forces. In unsaturated soils, the negative
pore water pressure (soil suction), in addition to the inter-particle forces effect on the

behavior of unsaturated soils.

2.4.1 Stress State Variables

Early attempts to describe the behaviour of unsaturated soils were based on the effective
stress principle. One of the most known equations to define the state of stress was that

proposed by Bishop (1959):

oc=c-u,+yu,-u,) (2.23)
Where:

o". effective normal stress.

o: total normal stress.

u,: pore air pressure.

u,,: pore water pressure.

(u, - uy): soil suction

y: Bishop's parameter is a function of the degree of saturation.

Several other effective stress equations have been proposed for unsaturated soils. All
equations incorporate a soil parameter in order to form a single-value stress variable
(Aitchison, 1961; Jennings, 1961; Richards, 1967; Aitchison, 1973). In 1963, Bishop and
Blight re-evaluated the proposed effective stress concept for unsaturated soils. It was noted
that a variation in matric suction, (u,-uy), did not result in the same change in effective
stress as did a change in the net normal stress, (c-u,). In addition, all equations included
soil parameter, which is difficult to evaluate. Reexamination of the proposed effective
stress equations has led many researches to suggest the use of two independent stress

variables.
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Fredlund and Hasan (1979) stated that there are three possible combinations of
stress state variables for unsaturated soil as shown in Table (2.7). These combinations are
obtained from equilibrium equations for soil structure. However, the most suitable
combination for soil practice is the (o-u,) and (u,-u,,) because that the pore air pressure is

atmospheric for most practical engineering problems.

Table (2.7): Combinations of Stress State Variables for Unsaturated Soil
(Fredlund and Hasan, 1979)

Reference Pressure Stress State Variables
Air pressure, U, (0-u,) and (u, — uy)
Water Pressure,uy (o - uy) and (u, — uy,)
Total stress,c (o-u,) and (o—u,,)

2.4.2 Volume Change of Unsaturated Soils

Unsaturated soil is a four-phase continuum; solid, air, water, and contractile skin phases.
The contractile skin phase may be defined as the air-water interface, where the surface
tension acts. The volume change of unsaturated soil is the sum of the volume change of

the four phases, which can expressed as follow:
AV =AV +AV +AV, +AV, (2.24)

The volume changes associated with contractile skin can be neglected. In addition,
the volume change of the solid particles can be neglected under loading conditions of
geotechnical engineering practice. Therefore, under applied stresses, the volume change of
unsaturated soil may be considered due to volume changes from the air and water phases

only as follow:
AV =AV, =AV +AV, (2.25)

The above relationship showed that only the volume changes associated with two
phases must be measured. In practice, the volume changes in void volume and water
phase are usually measured, while the volume change of air phase can be estimated using

the above equation.

The volume change of each phase can be predicted using the volume change
constitutive relatioships (volume-mass constitutive models) which relating state variables

to changes in stress state variables. Numerous volume change constititive models for
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unsaturated soils have been proposed including elastic models and elasto-plastic models.
The elastic models can be categorized into physical and empirical modeles. Physical
models are based on the elastic theory with phsically meaningful soil paramters; modulus
of elasticity and Poisson's ratio While, the empirical models are based on mathematical
fitting for the laboratory tests results for obtaining mathematical expressions for state
surfaces which representing the relationship between state variables and stress state
variables. The surface-fitting paramters have no physical meaning. Figure (2.7) presents a

brief review for volume change constitutive models.

Wheeler and Karube (1996) stated that elastic models have the advantage that it is
relatively easy to implement them within numerical analysis and measure the relevant
parameters. Fredlund (1979) proposed a nonlinear elastic model. It is originally suggested
that the void ratio constitutive surface for unsaturated soil could be assumed to be linear
over a wide range of logarithmic stress variables. The void ratio and water content under

any set of stress conditions can be calculated as follows:

e=e —C, logM—Cm log et ). (2.26)
(o-u,), (g =),
w =w, -D, 1ogM—Dm log et ). 2.27)

(o -u,), (u, =, ),
Where:
e,: initial void ratio
C;: volume change index with respect to net normal stress
Cn: volume change index with respect to matric suction
(0- uy),: initial net normal stress
(ug-uy,),: nitial matric suction
w,: initial water content
Dy: water content index with respect to net normal stress

D,,: water content index with respect to matric suction

The parameters C, D, are functions of soil suction, while parameters C,, D,, are

functions of net normal stress.
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Fredlund and Rahardjo (1993) proposed an equation for the water phase constitutive
relationship using a semi-empirical approach based on linear relationship between
volumetric water content and stress variables. In an elasticity form, the constitutive

equation can be written as follows:

dv 3 1
— =—d(oc,.. —u)+—dWu —u_ 2.28
v E (T ean — ) 7 (u, ~u,, ) (2.28)
Where:
o,+0,+0,
O o = f mean total stress

E,, : water volumetric modulus associated with a change in the net normal stress.

H,, : water volumetric modulus associated with a change in matric suction.

One of the first elastoplastic constitutive models to be developed for unsaturated
soils was the Barcelona Basic Model developed by Alonso et al. (1990) which, was based
on the theoretical framework proposed by Alonso et al. (1987). This model was an
extension of the Modified Cam-Clay model for fully saturated soils to unsaturated states
through the introduction of the concept of the Loading-Collapse yield surface. There are
two main categories of elastoplastic models; expansive and non-expansive models. Some
of the existing models for expansive soils are the models by Gens and Alonso (1992),

Alonso et al., (1994) and Alonso et al., (2000).
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Figure (2.7): Volume Mass Constitutive Models for Unsaturated Soils
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2.4.3 Shear Strength of Unsaturated Soils

Shear strength forms an important engineering property for the design of foundation,
retaining structures, earth dams pavements, etc. Several procedures have been proposed in
the recent years to predict shear strength of unsaturated soil. Bishop (1959) proposed shear
strength equation for unsaturated soils by extending Terzaghi's principle of effective stress.

Bishop's equation can be arranged as shown below.
7, =c¢ +(o—u,)tang +u, —u, )y tangp] (2.29)

Where:

77 shear strength of unsaturated soil.

c": effective cohesion.

@" angle of internal friction.

(o-u,): net normal stress.

(ug-u,,): matric suction.

- Bishop parameter is a function of the degree of saturation.

The shear strength of unsaturated soil can interpreted in terms of two stress variables
at both drained and undrained conditions. Fredlund and el. (1978), proposed a three

dimensional failure envelope for unsaturated soil as shown in Figure (2.8).
7, =¢ +(o—u,)tang +(u, —u, ) tan g, (2.30)
Where:

oy angle indicating the rate of increase in shear strength w.r.t. the matric suction.

Gan et al. (1988) and Escario et al. (1989) established that the shear strength for
unsaturated soils is nonlinear when tested over a large range of suction. Bishop's and
Fredlund's equations are valid for interpreting data for both linear and nonlinear shear
strength envelopes. Those two formulas have rarely been adapted in engineering practice

because of the difficulty in measuring suction and correlation parameters ¢, and y
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Figure (2.8): Failure Envelope for Unsaturated Soils after Fredlund (1978)

Karube (1988) performed triaxial tests on compacted kaolin. From the test results, he

derived the following equation for the shear strength:

q; =M (p-u,) (2.31)

Where:
o (22
o Ag 0
Byl
a p

qr: deviator stress at failure.

p: mean total stress.

(4v/Ae): dilatancy index.

€: shear strain (¢ = 2(¢e,— &,)/3).
M: inclination of the failure lines.

f(s): intercept of the failure lines on the (p - ua) axis.

Toll (1990) presented a framework for the behaviour of partially saturated soils,
which was supported by a number of triaxial test results on gravel. He proposed the

following expression for the critical state shear strength
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q=M_ (p-u,)+M, (u,~u, (2.32)

Where:
q : deviator stress.
p: mean total stress.

M,: total stress ratio (soil parameter depend on the degree of saturation).

M,,: suction ratio (soil parameter depend on the degree of saturation).
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2.5 Flow of Water and Air in Unsaturated Soils

Two phases of an unsaturated soil which flow under driving energy are water and air
phase. Therefore, the analysis of flow problems in unsaturated soil is based on the laws
which govern the flow of these phases.

The hydraulic head (total head) gradient is the driving potential for the water phase,
where water flows from a point of high total head to a ponit of low total head. Some
researchers stated another driving potential for water flow such as water content gradient,
matric suction gradient, however, these potentials don’t govern the flow in all
condinditions. The total head can be expressed as the sum of elevation head, pressure head
and velocity head. The velocity head in soil has a negligiable value thus the total are given
by Equation (2.33).

u,

P8

H =—"+y (2.33)

Where:
H;: total head (Hydraulic head).
y : elevation head.
u,,: pore water presssure.
P water density.

g : gravitational accelaration.

Above the water table, the pressure heads are negative whereas below the water table
pressure heads are positive. In the field, piezometers are used to provide a measurement of
hydraulic head in saturated material. In the unsaturated zone however, hydraulic head is
determined indirectly through the measurement of the suction head or negative pore-water
pressure using tensiometers and psychrometers.

Past experiments showed that Darcy’s law is valid for predicting the flow in
unsaturated soils as commonly used in saturated soils. Darcy (1586) proposed that the rate
of water flow through soil is proportional to the total head gradient. Darcy’s law can be
written for water moves through soils according to Darcy's Law:
L OH,

oL

q (2.34)

Where:
q: flux of water per unit cross sectional area.

k: permeability or hydraulic conductivity.
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t

: total head gradient.

Under saturated conditions, the hydraulic conductivity is approximately constant. In
unsaturated conditions, the hydraulic conductivity is a function of the water content as
shown in Figure (2.9). Childs and Collis-George (1950) stated that the soil coefficient of
permeability with respect to water for unsaturated soils is a function of the water content or
soil suction. Lioret and Alonso (1980) and Fredlund (1981) reported that the soil
permeability must be expressed as a function of volume-mass soil properties. Water flows
through pores filled with water and therefore, under unsaturated condition, fewer pores are
available for flow. As a result, lower water contents correspond to lower values of
hydraulic conductivity. During the drainage of a saturated soil, air begins to enter the large
pore spaces first and water flow is forced to move along the more tortuous path in the
smaller pores. The hydraulic conductivity will decrease rapidly as the volume of pore

space occupied by water decreases.
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Figure (2.9): Variation of Hydraulic Conductivity with Soil Suction

2.6 Soil-Water Characteristic Curve (SWCC)

The soil-water characteristic defines the relationship between the soil suction and either the
gravimetric water content, w, or the volumetric water content, 6, or the degree of
saturation, S. The soil-water characteristic can be described as a measure of the water
holding capacity (i.e. storage capacity) of the soil as the water content changes when

subjected to various values of suction.
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The soil-water characteristic is a conceptual and interpretative tool by which the
behaviour of unsaturated soils can be understood. As the soil moves from a saturated state
to drier conditions, the distribution of the soil, water, and air phases changes as the stress
state changes. The relationships between these phases take different forms and influence

the engineering behaviour of unsaturated soils.

The soil-water characteristic curve has three stages that describe the process of
desaturation (i.e., for increasing suction) of a soil as shown in Figure (2.10). These are

outlined below starting with saturation conditions in the soil.
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Figure (2.10): Definition of Variables Associated with the Soil-Water Characteristic Curve.
1. The Capillary Saturation Zone where the pore-water is in tension but the soil
remains saturated. This stage ends at the air entry value, AEV, where the applied

suction overcomes the capillary water forces in the largest pore in the soil.

2. The Desaturation Zone where water is displaced by air within the pores. Liquid
water drains from the pores and is displaced by air. This stage ends at the residual
water content, 8,, where the pore-water becomes discontinuous and the coefficient

of permeability is greatly reduced.

3. The Residual Saturation Zone where the water is tightly adsorbed on to the soil
particles and flow occurs in the form of vapor. This stage is terminated at oven

dryness. When the soil is heated to 105° C, the soil is defined to have zero water
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content and the soil suction is approximately 1 x 10® kPa (Fredlund and Rahardjo,

1993)

Over the years, a number of equations have been suggested for soil water
characteristic curve. A comprehensive comparison between commonly used curve-fitting
equations for soil-water characteristic curve using a database of more than 200 soils has
been conducted by Siller et al. (2001). It was found that the Fredlund and Xing (1994)
equation was the best curve fitting equation in the sense that it provided the close fit to the
data points. The equation proposed by Fredlund and Xing (1994) to empirically best-fit the

soil-water characteristic curve is as follows:

r my

6 =C(¥) —1 (2.35)

ny
In(e + (\P]
a
Where:

6,: volumetric water content.

e: natural constant =2.718.

w =(ug - Uy, ): soil suction.

ar: soil parameter related to the air entry of the soil.

ny: soil parameter related to the rate of desaturation.

my : soil parameter related to residual water content conditions.

C(y): correction factor to ensure that the function goes through 1,000,000 kPa of

suction at zero water content.

While it is relatively easy to measure the soil-water characteristic curve in the
laboratory, it is still quite costly and the test has not found its way into most conventional
soils laboratories. For this reason, estimation of the soil-water characteristic using grain
size distribution and volume-mass properties is beneficial. A theoretical curve could be
fitted through the data from a grain size analysis. The theoretical grain size curve is then

used for predicting the soil-water characteristic curve (Fredlund, 1999).
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2.6.1 Factors Infleuncing Soil Water Characteristic Curve

Many factors have potentially significant effects on features of the SWCC such as soil
structure, stress history, initial water content, void ratio, type of soil, mineralogy, and
compaction method. Among these factors, initial void ratio, initial water content and stress
history often have the greatest effect on soil structure, which in turn dominates the nature

of the soil-water characteristic curve.

Kawai et al. (2000) studied the effect of initial void ratio on the SWCC. He stated
that the smaller the initial void ratio (i.e. the denser the soil), the higher the air-entry value,
and the higher the residual degree of saturation as well. The denser the soil, the higher the
AEV, which implies that for soils with low void ratio values, small changes in degree of

saturation can be assumed at low suctions, i.e. the soil can be treated as fully saturated.

The initial water content has considerable influence on the shape of SWCC curves.
The higher the initial water content, the steeper the curve. The air-entry value also
increases with initial water content. The resistance to de-saturation is relatively low in the
dry of optimum specimens in comparison to optimum and wet of optimum specimens. So
for soils of high initial water content the effect of de-saturation is more obvious, especially
at low suction values. Curves with different initial water contents tend to converge at high

suction values (Vanapalli ef al., 1999).

Stress history seems not to affect significantly the shape of SWCC, although the
AEV increases and the rate of change of the degree of saturation decreases with the

increasing of net total stress ( Ng and Pang, 2000).

2.7 Unsaturated Soil Property Functions

The term, unsaturated soil property functions, refers to such relationships as: coefficient of
permeability versus soil suction, water storage variable versus soil suction, and shear

strength versus soil suction.

Figure (2.11) presents some approaches that can be taken for the determination of
unsaturated soil properties. Laboratory tests can be used as a direct measure of the required
unsaturated soil property. For example, a (modified) direct shear test can be used to
measure the relationship between matric suction and shear strength. These tests can be
costly and the necessary equipment may not be available. Therefore, it may be sufficient to

revert to an indirect laboratory test involving the measurement of the soil-water
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characteristic curve for the soil. The soil-water characteristic curve can then be used in
conjunction with the saturated shear strength properties of the soil, to predict the
relationship between shear strength and matric suction. Some accuracy will likely be lost in
reverting to this approach; however, the trade-off between accuracy and cost may be

acceptable for many engineering projects.
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Figure (2.11): Approaches to Determine Unsaturated Soil Property Functions.
2.8 Uncoupled and Coupled Aproaches for Unsaturated Soils

The consolidation analysis of saturated soils may be conducted by two different
approaches. One approach is based on the Biot's Theory, where a simultaneous solution for
the pore water pressure and strains in soil structure is performed. This solution is called a
"coupled approach". In the second approach, the solution is implemented with two steps.
First, the pore water pressure distribution is obtained by solving the flow equation of water
through soil. Second, the volume change of soil is obtained using one-dimensional
consolidation theory. During solution of the flow equations, the soil structure is assumed to
be rigid, i.e. constant stress state and displacements. This approach is called "uncoupled
approach" because the flow equations and equilibrium equations are solved separately

(Corapeioglou, 1984).

The solution of the unsaturated soil problems is more complex than saturated soils.
The volume change of unsaturated soils involved several process: stress deformation, water
flow, air flow, heat flow and chemical flow. In addition, soil properties associated with

unsaturated soisl are non-linear. The volume change behaviour of unsaturated soil may be
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conducted using coupled approach or uncoupled approach. The following sections provid a

survey of research performed using both approaches.

2.8.1 Uncoupled Approach for Unsaturated Soils

In the uncoupled approach, the water phase continuity (i.e., seepage) equation is solved
separately from the equilibrium (i.e., stress-deformation) equations. The pore-water
pressure changes from seepage analysis are used as input in a deformation analysis. The
involvement of dependent variables and a number of non-linear soil properties are
separated into two analyses; namely, a seepage analysis and a stress-deformation analysis.
For seepage analyses, the dependent variable is pore-water pressure (or hydraulic head).
For a stress-deformation analysis, dependent variables are horizontal displacement, u, and

vertical.

Rees and Thomas (1993) proposed an uncoupled model for the simulation of one-
dimensional movement. It was assumed that soil was homogeneous and pore-air pressure
was atmospheric. The method required the solution of the unsaturated seepage equation for
obtaining variations of pore-water pressure. Then the variations of pore-water pressures

were related to the volumetric deformation.

Hung (2000) presented an uncoupled solution of one and two-dimensional volume
change problems associated with expansive soils. The proposed method is conducted using
the finite element method. The formulation of the method was based on the general theory
of volume change for an unsaturated soil. The seepage analysis and the stress-deformation
analysis were performed independently using a general-purpose partial differential
equation solver, called PDEase2D. Several typical examples and case histories were

analyzed using the proposed model.

2.8.2 Coupled Approach for Unsaturated Soils

Biot (1941) proposed three-dimensional coupled equations to analyze the consolidation
process for unsaturated soils. The soil was assumed to be an isotropic and linear elastic
material. Two constitutive relationships were proposed in order to completely describe the
deformation state of the soil. One constitutive relationship was formulated for the soil
structure and the other was for the water phase. Two stress state variables were used in the
formulations. Therefore, four volumatric deformation coefficeints were required to link the

stress state variables and the deformation state variables.

37



CH. (2): Literture Review

Pereira (1996) developed a computer program, called COUPSO, to solve the coupled
equations for the consolidation of unsaturated collapsing soils. The formulations were
based on finte element solution for equilbrium equations and flow equations. The program

was used to simulate the behavior of collapsing soil in an earth dam during saturation.

Wong et al. (1998) implemented coupled equations into finite element code, namely
SEEP/W and SIGMA/W to allow two-dimensional analysis associated with consolidation
and swell of unsaturated soils. However, the programs do not allow the description of the
parameters as function of net normal stress. As well, the code has not been extensively

verified.
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CHAPTER (3)
THEORY OF MODEL AND PROGRAMS

3.1 Introduction

Heave prediction of expansive soils may be estimated using different analylatical methods.
One of the most powerful methods is the finite elemenet analysis method. Finite element
method is mainly depend on the constitutive relationship for soil. In this research, the finite
element method is used to model the mechanical behaviour of unsaturated expansive soils.
Uncoupled approach is used to solve the flow and equilibrium equations. The flow
equations have been solved by the commercial program called SEEP/W (Seepage analysis
Program). SEEP/W is a finite element software product that can be used to model the
movement of water and pore-water pressure distribution within soil. SEEP/W is a general
seepage analysis program that models both saturated and unsaturated flow. In SEEP/W, the
field variables are the hydraulic heads at nodes. The output pressure head from SEEP/W is
used as input for stress-deformation analysis.

The equilibrium equations have been implemented in CRISP (CRlItical State soil
mechanics Program). CRISP is a geotechnical finite element program incorporating the
critical state soil mechanics theory (Britto and Gunn, 1987). It was developed by research
workers at Cambridge University in 1975 onwards and was first released publicly in 1982.
In CRISP, the field variables are the incremental displacements at nodes. CRISP is
rewritten in fortran code with power station version 6. Then, CRISP is modified to model
the mechanical behaviour of unsaturated soil. The modification is conducted by
incorporating Fredlund's model in the open source version of CRISP. The implemented
model was proposed by Fredlund, (1993). This model is nonlinear elastic analysis of
unsaturated soil behaviour. Details about implemented model, CRISP and SEEP/W are
presented herein. In addition, formulation of the implemented model in finite element
equations form also introduced. Flow chart for steps of analysis of unsaturated expansive

soils and required data for analysis are presented in Figure (3.1).
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3.2 Fredlund’s Model for Unsaturated Soil

Fredlund (1993) proposed a simple elastic nonlinear model for simulate the behaviour of
unsaturated soil. This model characterize the soil behaviour with five soil parameters,
elasticity parameter for the soil structure with respect to a change in the net normal stress,
E, elasticity parameter for the soil structure with respect to a change in matric suction, H,
water volumetric modulus associated with a change in the net normal stress, E,,, volumetric
modulus associated with a change in matric suction, H,,, and Poisson’s ratio, v. Numerical
modeling of behaviour of unsaturated soils required the constitutive equations of soil
phases, flow equations for air and water phases and equilibrium equations. These different

equations are presented in the following sections.

3.2.1 Constitutive Relationships of Unsaturated Soil

Constitutive relations for an unsaturated soil can be formulated by linking selected
deformation state to appropriate stress state variables. The deformation state variables must
satisfy the continuity requirements. Constitutive relationships for different phases of

unsaturated are presented below.

3.2.1.1 The Soil Structure Constitutive Relationship
The constitutive relationships for the soil structure can be written in an incremental

elasticity form as follows (Fredlund and Rahardjo, 1993):

I+v 1% du,-u,)
& =——d(o, ~u,)-—d(o, +o, —2u,)+——">=
= (o, —u)-2d (o, +o. ~u,)
I+v 1% du,-u,)
g, =——d(o, —u,)—-—d (o, +o, —2u, )+ ———"2"= 3.1
y = 4o, ~u,)—d(o, +o. ~2u,) 3.1
I+v du,-u,)

z

1%
& =—d(o. —u )-—d(oc. +o. —2u )+
Ld(o.-u)-—d(0, +0, ~2m,)

Where:
Uy, [y, 22 strain in the x-, y-, z-direction.
O, Oy, 0z: normal stress in x-, y-, z-direction.
u,: pore air pressure.
u,,: pore water pressure.
(u,-u,,): matric suction.

E: elasticity parameter for the soil structure with respect to a change in the net
normal stress.
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H: elasticity parameter for the soil structure with respect to a change in matric
suction.

v : Poisson’s ratio

Equation (3.1) can be used to write the equation for volumetric strain in a compressibility

form as follows:

de,=m/ (o

mean

—u,)+myd(u,—u,) (3.2)

Where:

U, : Volumetric strain (L, = [+ [+ [1,)

o, +0,+0,
ean = # mean total stress.
. 3(1-2v) i ‘ ‘
m; =—————=: coefficient of volume change with respect to a change in net

normal stress.

\

3 . . . . .
m, = T : coefficient of volume change with respect to a change in matric suction.

3.2.1.2 The Water Phase Constitutive Relationship

The water phase constitutive relationship can be presented in an incremental elasticity form
as follows (Fredlund and Rahardjo, 1993):

dVv 1 1
=—2=-—d@3 “Su V+—du, - 33

o w w

do

Where:

v, )
0=—_ : volumetric water content.

E.,: water volumetric modulus with respect to a change in the net normal stress.
H,,: water volumetric modulus with respect to a change in matric suction.

Equation (3.3) can also be written in compressibility form as follows:

d@deW =m,d(o,
v

o

—u,)+mydu,—u,) (3.4)

ean

Where:

w

3. : : :
m’ = - coefficient of water volume change with respect to a change in net

w

normal stress.
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w

1 . . . .
m, = H—: coefficient of water volume change with respect to a change in matric

suction.

Using Equation (3.2) for mean net normal stress, Equation (3.4) becomes:

dv,
d0="70= d e, + o, ) (5)
Where:
m," . -
=——, or in the elasticity form, ——

& m Y (1-2V)E,
\'m; . .. 1 3E

B, =m, —m‘—lzqz, or in the elasticity form, -
m, H, (-2v)E H

Equation (3.5) shows that change in the volume of the soil mass would result in a
change to the volume of the water within the soil. Additionally, volumetric water content is
related to the matric suction. Therefore, a change in matric suction produces a direct
change in the volumetric water content of the soil (and vice versa). Further, a change in
matric suction will also act like a change in the applied stress, in that it will produce a
change in the soil structure, hence leading to variation in the volume of voids. This will

produce a further change in the volumetric water content of the soil.

3.2.1.3 The Air Phase Constitutive Relationship

The continuity requirement for an element of unsaturated soil allows the volume change of
air phase be computed from the volume change of soil structure and volume change of
water phase. The air phase constitutive relationship can be presented in the elasticity form
as follows (Fredlund and Rahardjo, 1993):

dv,
V

:ELd(3am —3ua)+HLd(ua —-u, ) (3.6)

o a a

Where:
E, : air volumetric modulus with respect to change in net normal stress.

H, : air volumetric modulus with respect to change in matric suction.
Equation (3.6) is written in compressibility form as follows:

‘;Va =m{d(c,,, —u,)+mid@w,—u,) (3.7)

mean

o

3. . . . .
m = T coefficient of air volume change with respect to change in net normal

stress
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1 . . : . .
m; =H—Z Coefficient of air volume change with respect to change in matric

suction.

Using Equation (3.2) for mean net normal stress, Equation (3.7) becomes:

dv
Va :ﬂaldgv+ﬁa2(ua_uw) (38)
Where:
= . or in the elasticity form, ——
P m; Y (1-2v)E,
B, =m; W orin the elasticity form,L—L
m; H, (1-2v)EH

Because of the continuity requirement for an element of unsaturated soil (i.e.,

dV,=dV,+dV,), the parameters f,;and f,;, are related to f,,; and f,,, as follows:
L.+L., =1 (3.9

ﬂwZ+ 02=0 (310)
Equation (3.8) can be written as follows:

av,
V

o

=(=p,)de, = f,,(u, ~u,) (3.11)

3.2.2 Flow Laws
The air and water phases both require a flow law. Darcy's law can be used for the water

phase and Fick's law can be used for the air phase.

3.2.2.1 Flow of Water
Darcy's law relates the water flow rate to the hydraulic head (i.e., pressure head plus
elevation head) as follows:

uW

Vv ==k, V(——=+y) (3.12)

Where:
vyi : Darcy’s Flux in i-direction
u,,: pore water pressure
ky; : hydraulic conductivity in i-direction
P - density of water
g : gravitational acceleration

y : elevation head
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3.2.2.2 Flow of Air

Fick's law relates the mass rate of air with pore-air pressure as follows:

Ja[ = _D: 8””
Ox;

1

(3.13)

Where:

J,i : mass rate of air in i-direction.

* . . . .
D, : coefficient of transmission for air phase.

a

: pore air pressure gradient in i-direction.
3.2.3 Basic Equation of Physics
A rigorous formulation to describe the swelling behaviour of an unsaturated expansive soil

requires the following system of equations (Fredlund and Rahardjo, 1993):

1) Static equilibrium of the soil medium,;
i1) The water phase continuity equation; and

ii1) The air phase continuity equation.

3.2.3.1 Equilibrium Equations
The equations of overall static equilibrium for an unsaturated soil can be written as
follows:
o,+b =0 (3.14)
Where:
o;; : components of the net total stress tensor.

b; : components of the body force vector.

3.2.3.2 Water Continuity Equation
The water continuity equation for an unsaturated soil can be written as follows (Freeze and

Cherry, 1979):

HPI) 4 (p.2,) =0 (3.15)

Where:
n: porosity.
s: degree of saturation.

pw:. Water density.
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vy: Darcy’s Flux (discharge velocity)
V= ﬁi +i j +£k : the divergence operator.
ox Oy
Water is commonly considered incompressible in geotechnical engineering practice (i.e.,
water density is a constant) and Eq. (3.15) can be written as follows:

a(a”;) +V.(vw):%+v.(vw )=0 (3.16)

Where:
0= ns: volumetric water content.
With the assumption that deformations are infinitesimal, Equation (3.16) becomes:
M+V(V )=0 (3.17)
ot " '
Where:

V... current water volume in the referential element.

V,: referential volume of the element.
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3.2.3.3 Air Continuity Equation

Fredlund and Rahardjo (1993) presented the air continuity equation as follows:
%[pan(l—S)]—i-V.(Ja):O (3.18)

Where:
pa: density of air.
n: porosity.
s: degree of saturation.

J,: mass flow rate of air.

With the assumption that deformations are infinitesimal, equation (3.18) becomes:

%W,Ua)ﬂ) (3.19)

Where:
M, =p, V,: mass of air in the soil element.
V,=n(1-S) V,: the air volume in the soil element.

Equation (3.18) can be written in an expanded form as follows:

o, 'V,)

a

+n(1—S)%+V.(Ja) =0 (3.20)

The air phase is a highly compressible medium and its density is a function of the air
pressure. Assuming that air behaves as an ideal gas, the equation for air density can be

written as follows:

p,=—=u, (321)

Where:
w,: molecular mass of air,
R: universal (molar) gas constant.
T: absolute temperature,

u, : absolute pore-air pressure (i.e., u, = u,+u,,, ).

a
u, : gauge-pore-air pressure.

uatm

: atmospheric pressure (i.e., 101kPa).

Equation (3.20) can be rearranged as follows:

a(Va/Vo)+”(l__S) ou, RT V.(J,)=0 (3.22)
ot u ot wu

a aa
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3.3 Finite Element Formulations of Fredlund's Model for Two Dimensional Space
Many geotechnical problems can be simplified to a two-dimensional form using the
concept of plane strain loading or axisymmetric loading. Let x be the horizontal direction

and y be vertical direction, strains are considered only in the xy-plane, while strain in the z-

direction is assumed to be negligible (i.e., 4& = 0).

3.3.1 Strain-Displacement Relations

Let u, v and w be displacements in the x-, y- and z-direction, respectively. The incremental

strain vector for infinitesimal deformation can be written as follows:

ou
ox
Agx 8\/
Ag v
Aey=1 212l @ (3.23)

Ac, .
A)/xy 0z

ou Ov

_+_

oy Ox

The incremental strain-stress relationship for an unsaturated soil medium can be written as

follows (Fredlund and Rahardjo, 1993):

Ag, 1 —v —v 0 Ao, —u,) 1 0 0 Of[A(u,—-u,)
Ag, :i -v 1 —v 0 Ao, —u,) +L 01 0 Of|Am,-u,)
Ae, E|l-v —-v 1 0 Ao, -u,)| H|0O O 1 Of|AMm,—u,)
Ay, 0 0 0 21+v) At 0 0 0 O0f|A(m,—-u,)
(3.24)
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3.3.2 Constitutive Relationships

The soil structure constitutive relationship for plane strain conditions can be written as

follows:
T XY
I-v 1-v
Ao, —u,) 1% 1% Ae,
1 — 0
Ao, —u,)| (A+v)1-2v)| Vv 4 1 0 Aeg,
Afxy 1-v 1-v - A?’xy
0 0 ld
L 2(1-v) |
I
I-v 1-v
v v 1 0 0 0f(Am,~-u,) 395
11w s % o1 o of]ae,-uy) (3.25)
Hl v v 0 0 01 0f|Au,-u,)
l-v 1-v 00 0 0]|Aw,~-u,)
1-2v
0
L 2(1-v) |
Alternatively, this incremental stress-strain relationship can be written as:
{A(O'—ua)} = [D]{Ag} —[D]{mH } A, —u,) (3.26)
Equation (3.26) can be rearranged as follow:
{Act=[D]{Ac}-[D]{m, } Aw, —u,)+{Au,} (3.27)

Where:

{Aa} : incremental total stress vector.

[D]: drained constitutive matrix.
|1 1 1 oL .
{my} :|— — — 0]: transpose of constitutive suction vector.
H H H

It can be further assumed that air pressure remains atmospheric at all times, Equation

(3.27) becomes:

{Ac}=[D]{Ae}+[D]{m, } Au,) (3.28)
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3.3.3 Finite Element Formulation for Equilibrium Equations

Finite element equilibrium equations are formulated using the principle of virtual work
which states that for a system in equilibrium, the total internal virtual work is equal to the

external virtual work. In the simple case when only external point loads {F} are applied,

the virtual work equation can be written as:
[{e} (ac}av ={5"} {F) (3.29)

Where:

{o*} : virtual nodal displacements
{e*} : virtual strains

{4c} : internal stresses

ou
ox
Ag, v
A
aey=1"% 12l @ L 1]e) (3.30)
Ac, w
A)/xy 0z
ou Ov
_+_
oy Ox

The strain matrix, [B;], for node, i, is given by:

oN,
Ox
o o,
0
[B,]= 4 (331)
i 0
X
ON, N
| Oy ox

Where:
N;: shape function (interpolation function) for node i

Substituting Equations (3.28) and (3.30) into Equation (3.29) gives that:

[{s") B ([D]B {8} +[D]{m, }Au, )av ={s"} {F) (3.32)
The nodal displacement vector is a constant, thus it can go out of integration:
[B"[D]B{s}dV +[B" [D]{m,}Au,dV ={F} (3.33)
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The field pore water pressure vary over the finite element mesh according to:
Au, =(N,){Au, } (3.34)
where:
u,, : field pore water pressure.

<N p> : pore water pressure shape function.

{u,,}: nodal pore water pressure vector.

Substituting Equation (3.34) into Equation (3.33) gives that:
[B"[D]B{As}aV +[B" [D]{m, }(N,){Au, }dV ={AF}  (3.35)
Equation (3.35) may be written in other simplified form as:
[[K1av {as}+([L,]dV {Au,}={AF) (3.36)
Where:
[K] = j B"[D]BdV : stiffness matrix.
[La=[B" [D]{m, }(N)aV :linking matrix.

Applying numerical integration, it can be shown that the finite element equations are given

by:

[K]1= 318, [2][8, 1], (3.37)
(L= 21,7 (D )om, J (N, Yoo, 339

where:
|J | : determinant of Jacobian matrix.
w;: weight for integration point i.

NGP: number of integration point in element.

For 6-node triangular element which used in this research, geometry of element is
evident from Figure (3.1). Degrees of freedom of element (nodal displacement vector) can

be presented as follow:

(Sh=[u, uy wuy u, us ug v, v, vy v, vq vé]T (3.39)
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O Displacement node
¢ Pore pressure node

Figure (3.1): Geometry of Linear Strain Triangular Element

The displacement field inside the element is uniquely described by the above nodal

displacement are:

u=y Nu. 3.40
J J
j=l
v=) Ny, (3.41)
j=I
Where:

n: the number of element nodes.
N;: shape function (interpolation function) for node j
u;: nodal displacement in local direction » for node j
v;: nodal displacement in local direction s for node j
The displacement interpolation functions for 6-node element are listed in Table (3.1).
The strain matric [B] has dimensions (4x12) and may be written as follow:
(6N, oN, N, oN, ONg ON,

ox ox ox ox ox Ox
0 0 0 0 0 0 ON, ON, ON; ON, ON; ONg

[B]= oy oy o oy Oy (3.42)
0 0 0 0 0 0 0 0 0 0 0 0
ON, ON, ON, ON, ON; ON, ON, ON, ON, ON, ON; ONg
| Oy oy oy oy oy oy ox ox ox ox ox ox

0 0 0 0 0 0

Table (3.1): Interpolation Functions for 6-Node Triangular Element

Node, i Function, N;
1 r(2r-1)
2 s(2s-1)
3 (1-r-s)(1-2r-2s)
4 4rs
5 4s(1-r-s)
6 4r(1-r-s)
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The quadratic 6-node element is integrated at 7 integration points. Locations of

integration points within parent elements and its weight are stored in Table (3.2).

Table (3.2): Integration Points for 6-Node Triangular Element

Integration Coordinate Coordinate Weight
Point 7 Si Wi
1 0.7974269853531 | 0.1012865073235 | 0.1259391805448
2 0.1012865073235 | 0.7974269853531 | 0.1259391805448
3 0.1012865073235 | 0.1012865073235 | 0.1259391805448
4 0.0597158717898 | 0.4701420641051 | 0.1323941527885
5 0.4701420641051 | 0.0597158717898 | 0.1323941527885
6 0.4701420641051 | 0.4701420641051 | 0.1323941527885
7 0.3333333333333 | 0.3333333333333 | 0.2250000000000
The Jacobian matrix, J(7,s) is given by:

Oox ay ON . 8Nj

o o |_&ar 0 o Y
1= =y " (3.43)

&x o | =N, N,

Os Os Os o Os Y

A new approach is considered for solution of Equation (3.36) in finite element

programming. The effect of suction change which represented by second term in the left
hand side of Equation (3.36), “L 21dV {Au, }, is calculated and added to the external
force load vector as additional nodal loads. Then, the equations are solved by frontal

solution method to find the nodal displacement due to change in nodal forces from external

loads and soil suction change.
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3.3.4 Finite Element Formulation for Flow Equations
The flow equation can similarly be formulated for finite element analysis using the

principle of virtual work in terms of pore water pressure and volumetric strains. If virtual

pore water pressures, u,, , are applied to the Flow Equation (3.17) and integrate over the

volume, the following virtual work equation can be obtained:

*[k u, k, Ou, 00
Iu, - L4

av =0 (3.44)
Yo Ox y, Oy 6t

Applying integration by parts to Equation (3.44) gives:

k ’ *
f[hete o Ky o o 00, g, %v— ~[uv,dd
7, ox & 7, & oy o
(3.45)

The resultant equation describing the flow of water in saturated/unsaturated soil is:

B L J{as)—(at[@])+ B, [M,]){Au, } = ac ({0}, +[®]{Au, }] )
(3.46)

where:

[L/] =I<N , >T { m }T [B ]d V' : linking matrix for flow.

(@] = J. [E ]dV sub-permeability matrix.

[M,] =<N , >T <N p> : mass matrix.

Thus, analysis for saturated/unsaturated soils is formulated using incremental
displacement and incremental pore water pressure as field variables. In uncoupled analysis,
equations for finite element analysis are the equilibrium equation (3.36) and the flow
equation (3.46) are solved separately. In this research, flow equations are simulated using

SEEP/W while, equilibrium equation are implemented into the CRISP code.
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3.4 Soil Properties Required for Volume Change Prediction of Expansive Soils
For an analysis involving unsaturated soils, flow analysis required the hydraulic
conductivity function, K,,. In addition, the factors B and B are required for solving the

flow equations. Factor B may be calculated using equation (3.47) and factor B may be

calculated using equation (3.48).

R — (3.47)
m; (1-2v)E,
Boy=my - = (3.48)

m  H, (-2)EH

The volume change analysis required the constitutive matrix, [D] and constitutive
suction vector, {my}. The elasticity parameter for the soil structure with respect to a
change in the net normal stress, £, and Poisson's ratio, v, are required for estimating the
constitutive matrix [D]. In addition, the elasticity parameter for soil structure with respect
to a change in matric suction, H, for estimating the constitutive suction vector {my}. In

summary, six soil parameters required for the analysis of unsaturated soil. These

parameters are E, H, E,, H,, v and K,,.

For a uncoupled analysis, when solving flow equation, the net normal stress do not

be taken into consideration thus the water volumetric modulus associated with a change in
net normal stress equals infinity (o). Consequently, the factor B equals to zero and
factor B equals the inverse of the water volumetric modulus associated with a change in

soil suction (//H,,), i.e. the factor B equals the slope of soil water characteristic curve,
m? . In summary, five soil parameters required for the uncoupled analysis of unsaturated

soil. These parameters are E, H, H,, v and K,,.
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3.5 Critical State Program (CRISP)

CRISP is frequently used as a test bed for new constitutive models, which can be bolted on
to the existing finite element code. The code of CRISP has a great flexibility for
implementing new soil models and new elements type. Also, user model for modifying and
implemented different subroutines in CRISP code is available. These are the reasons why
CRISP is used in this study.

CRISP operates in either two-dimensional plane strain or axis-symmetry. The
effective stress principal is an integral part of the finite element analysis engine. Thus,
CRISP can perform drained, undrained and fully coupled (Biot) consolidation analyses.
The adequacy of a finite element solution is largely dependent upon the constitutive
models used. CRISP incorporates various soil models. These models include linear elastic,
and critical state soil models. CRISP provides sufficient element types to give accurate
solutions to most geotechnical problems. One and two-dimensional elements are available.
New element types can also be added into CRISP with relatively little effort.

CRISP uses Tangent Stiffness Technique to analyze non-linear problems. In the
incremental or Tangent Stiffness Technique, the user divides the total load acting into a
number of small increments and the program applies each of these incremental loads in
turn. During each increment, the stiffness properties appropriate for the current stress

levels are used in the calculations.

3.5.1 Soil Element Types

Plane 6-node and 15-node isoparametric triangular elements are available in CRISP. Six-
noded element is a linear strain element where, fifteen-noded element is a cubic strain
element. Also, Linear and cubic strain triangle elements with excess pore pressure degree
of freedom for consolidation analysis are available in CRISP. The pore pressure nodes are
deployed such that the strains and pore pressures have the same order of variation across

the elements.

3.5.2 Soil Models

A material model is a set of mathematical equations that describes the relationship between
stress and strain. The mechanical behavior of soils may be modelled at various degrees of
accuracy.There are different soil models that differ from very simple one to very
complicated. CRISP program package included some models such as elastic model and

Cam clay models
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3.5.2.1 Elastic Constitutive Model for Soil (Model 1)

This is the standard elastic model which allows for cross (transverse) anisotropy. Fully
isotropic behaviour is covered as a special case. Although not realistic for soils the
program makes possible to analyze a purely elastic anisotropic material. A typical stress-
strain curve for a linear elastic material is plotted in Figure (3.2). Note that such a model

assumes that the loading and unloading branches coincide.

ﬂ'.‘l

loading/unloading

-
£

Figure (3.2): Linear Elastic Constitutive Model for Soil

The stiffness parameters required are:
e Young’s modulus in the horizontal direction, £,
¢ Young’s modulus in the vertical direction, E,
e Poisson’s ratio linking vertical and horizontal directions, 14,
e Poisson’s ratio linking both horizontal directions, v

e Shear modulus in v-4 plane, G,y

3.5.2.2 Non Homogeneous Isotropic Linear Elastic (Model 2)
This model is particularly suited to soil materials, where increasing confining pressure
(with depth) often leads to a linearly increasing stiffness with depth. Poisson’s ratio is not
allowed to vary, so shear modulus, G, will be linked to Young’s modulus through a
constant ratio. This model is sometimes referred to as ‘Gibson soil’.
The stiffness parameters required are:

¢ Young’s modulus at the datum elevation, Ej.

e Rate of increase of Young’s modulus with depth, m.

e Datum elevation at which (E = Ej), y,

e Poisson’s ratio, V.
The elastic Young’s modulus at an elevation y is given by the equation (3.49):

E=E,+m(y,—y) (3.49)
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3.5.2.3 Cam Clay and Modified Cam Clay Models (Models 3 and 4)

CRISP includes the Cam clay model (Schofield & Wroth, 1968) and modified Cam clay
model (Roscoe and Burland,1968). All of these models are specific formulations within the
framework of critical state soil mechanics (CSSM). The stiffness parameters required for
these models are:

e Slope of isotropic compression line in v : In(p'), A

e Slope of unload-reload lines in v : In(p'), &

e Reference void ratio on critical state line when p' = 1, e

e Slope of critical state line in g . p’, M

3.5.3 Initial Stresses Genration

Initial stresses are of vital importance in geotechnical finite element work. The stiffness
matrix of a finite element depends on the stress state within the element. In general, the
stress state will vary across an element and the stiffness terms are calculated by integrating
expressions dependent on these varying stresses over the volume of each element. The
purpose of the initial stress input data is to enable the program to calculate the stresses
before the analysis starts. In CRISP, initial stresses are only allowed to vary in the vertical

direction.

For the purposes of specifying initial stresses, the mesh is divided into a number of
horizontal layers. For most problems the initial stresses do not vary in the horizontal
direction and it is assumed that the stresses vary only with depth. Therefore, you specify a
set of reference elevations (differentiating the layers) along a vertical section, together with
the stresses at these elevations. The in situ stresses at the integration points are interpolated
from the stresses specified at these elevations. If all the initial stress values vary linearly
throughout the mesh, then it is sufficient to define these values at just 2 elevations (at the

top and bottom of the mesh).

A separate option is available to directly specify the in situ stresses at the integration
points. This option may be used if the stress variation is such that the above simple option
can not deal with the specific situation. For example, where the ground surface has a slope
and where the stresses are not the same in the horizontal direction. In some analyses, the
simple option of no initial stresses may have been selected. However, in most geotechnical

problems the in situ stresses play an important role.
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3.5.4 Types of Analysis
One of the principal features of any dedicated geotechnical finite element package should
be its ability to work explicitly in terms of effective stress and pore pressure. Soils are at
least 2-phase materials (solids and water), and many constitutive models are developed
within an effective stress framework.

CRISP works in effective stresses and if you wish to work in total stress terms, this is
also possible. Undrained, drained or fully coupled (Biot) consolidation analysis of two

dimensional plane strain or axi-symmetric are available in CRISP

3.5.5 Finite Element Analysis

CRISP allows you to sub-divide the analysis into one or more increment blocks, with each
increment block comprising one or more increments. The number of increment blocks
required will depend on the analysis. In general, a block will be required whenever there is
a distinct operation involving element removal or addition, application of boundary loads
and changes to boundary drainage conditions (consolidation analyses only).

In some analyses as few as one block is sufficient, in others; several tens of blocks
might be needed. When modeling construction activities it is convenient to use a separate
block for each new phase of activity (e.g. wall installation, excavation stage, prop
removal).

CRISP uses the incremental method which, in contrast to iterative methods, tends to
give a response which continually drifts away from the true response where the stress
strain behavior is non-linear. Any analysis which uses purely linear elastic models does not
require more than one increment. However if you mix linear elastic models with other soil

models then it is the latter which will govern the required number of increments.

CRISP allows soil constructions or excavations to be modeled in an analysis via the
addition or removal of elements as the analysis proceeds. All the elements that appear at
any stage in the analysis must have been included in the input data. Any number of finite
elements can be removed from the parent finite element mesh to form the primary mesh
before the analysis is started. These elements are added later at appropriate stages to
simulate construction. Element which has a stress history cannot be added in analysis,
hence elements which are added to represent a construction event cannot have CSSM

material
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3.6 Modeling of Water Flow Using SEEP/W Program

SEEP/W is a finite element software product that can be used to model the movement of
water and pore-water pressure distribution within porous materials such as soil and rock.
SEEP/W is a general seepage analysis program that models both saturated and unsaturated
flow. SEEP/W is rigorously formulated with hydraulic conductivity and water content as a
function of pore-water pressure, thus giving a seamless transition from the saturated to the
unsaturated zone in the model. Saturated flow is simply a special case of this formulation,

and as such, SEEP/W can model groundwater flow in confined systems.

The two-dimensional plane geometry is useful for modeling seepage in two-
dimensions, such as a vertical cross-sectional plane or a plan view of the system. Axi-
symmetric geometry is useful for situations where there is symmetry about a vertical axis,

such as near a single vertical well.

Selection of SEEP/W for this research is due to it included the same element types
(triangular-element) as CRISP consequently, the results of SEEP/W can be used as input
data for CRISP. In addition, the flow equations are formulated using two independent
stress state variables; total normal stress and soil suction as stated by Fredlund's model.
Also, SEEP/W has the same assumptions for modeling of water flow as considered in

Fredlund's model.

3.6.1 Soil Elements Types

Isoparameteric quadrilateral and triangular finite elements are included and each may have
various numbers of optional secondary nodes to provide higher order interpolation of nodal
values within the element. Infinite elements can be used at the boundaries of the problem
domain that are for practical purposes unbounded. The local and global coordinate systems
are related by a set of interpolation functions. SEEP/W uses the same functions for relating
the coordinate systems as for describing the variation of the field variable (head) within the

element. The elements are consequently isoparametric elements.

3.6.2 Flow Law
SEEP/W is formulated on the basis that the flow of water through both saturated and
unsaturated soil follows Darcy's Law which states that:

q=ki (3.50)

Where:
q: specific discharge

k: hydraulic conductivity
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i: gradient of fluid head or potential
Darcy's Law was originally derived for saturated soil, but later research has shown
that it can also be applied to the flow of water through unsaturated soil (Richards, 1931).
The only difference is that under conditions of unsaturated flow the hydraulic conductivity
is no longer a constant but varies with changes in water content and indirectly varies with

changes in pore-water pressure.
3.6.3 Governing Equations

The governing differential equation used in the formulation of SEEP/W is:

0 (kx 6H,j+ 0 (k 8Htj+Q=69 (3.51)

ox ox 5 Y oy ot
Where:
H;: total head
ky: hydraulic conductivity in the x-direction
ky: hydraulic conductivity in the y-direction
Q: applied boundary flux
6: volumetric water content

t: time

This equation states that the difference between the flow (flux) entering and leaving
an elemental volume at a point in time is equal to the change in the volumetric water
content. More fundamentally, it states that the sum of the rates of change of flows in the x-
and y- directions plus the external applied flux is equal to the rate of change of the
volumetric water content with respect to time.

Under steady-state conditions, the flux entering and leaving an elemental volume is
the same at all times. The right side of the equation consequently vanishes and the equation

reduces to:

i(kx aHf}ri ko 200 (3.52)
ox ox oy " oy

Changes in volumetric water content are dependent on changes in the stress state and
the properties of the soil. The stress state for both saturated and unsaturated conditions can
be described by two state variables. These stress state variables are (o - u,) and (u, - u,,).
SEEP/W is formulated for conditions of constant total stress; that is, there is no loading or
unloading of the soil mass. The second assumption is that the pore-air pressure remains

constant at atmospheric pressure during transient processes. This means that (¢ - u,)
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remains constant and has no effect on the change in volumetric water content. Changes in
volumetric water content are consequently dependent only on changes in the
(uq - u,) stress state variable, and with u, remaining constant, the change in volumetric
water content is a function only of pore-water pressure changes. A change in volumetric

water content can be related to a change in pore-water pressure by the equation:
00 =m) ou, (3.53)
Where:
m} : the slope of the soil water characteristic curve.

The total hydraulic head is defined as:

H ="y (3.54)
Yy

Where:
u,,: pore-water pressure
Yw: unit weight of water
y: elevation head

Equation (3.6) can be rearranged as:

uy, = (Hi-y) (3.55)
Substituting Equation (3.55) into (3.53) gives the following equation:

00=mYy,o(H, ~y) (3.56)
Now can be substituted into Equation (3.52), leading to the following expression:

i(kv o )*i K, ilio—myy, =) (3.57)

ox \| = Ox oy\ - oy ot

Since the elevation is a constant, the derivative of y with respect to time disappears,
leaving the following governing differential equation:

i(kv oH, j+i k., oH, +Q =myy, oH,) (3.58)
ox \ = Ox oy\ = Oy ot
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3.7 Implementation of Fredlund's Model in finite Element Code
Implementation of Fredlund's model required some modifications and additions to the
CRISP source code. The main steps for implementation are as follow:
1. Prepare a subroutine to estimate the constitutive matrix [D] which is varied with
change of net normal stress (nonlinear model).
2. Prepare a subroutine to read initial and final total head from the results of SEEP/W.
Then, calculate the pore pressure head and soil suction from total head.
3. Prepare a subroutine to calculate the linking matrix, [L]
4. Prepare a subroutine to estimate the equivalent suction loads and insert them in the
external nodal load vector, {F’}.

5. Modify subroutine which calculating internal stress vector {4¢} from Strain vector

{4u,,}.

3.8 Evaluation of the Elasticity Parameter Functions from Volume Change Indices

The stress—deformation analysis in two and three dimensions requires the characterization

of the elasticity parameters £ and H, which are functions of stress state. The elasticity

parameters can be calculated from the coefficients of volume change, m. andm..

Several testing conditions can be used to obtain the void ratio constitutive surface
(i.e., Ky condition, plane strain condition, or isotropic condition). It is important to note that
three fundamental elasticity parameters are required in the constitutive equations (i.e., E,

H, andv). However, there are only two coefficients of volume change obtained from the
constitutive surface for soil structure (i.e., m, andm.). Therefore, it is suggested that

Poisson’s ratio be assumed (or measured) to convert the coefficients of volume change for

different loading conditions to the fundamental elasticity parameters.

The elasticity parameter functions can be calculated from various testing conditions
and then used for different types of analyses. Table (3.3) presents the calculation of these
elasticity parameter functions for various loading conditions (Fredlund and Rahardjo,
1993). The coefficients obtained from one loading condition can be converted to other
loading conditions using the assumed value of Poisson’s ratio (Fredlund and Rahardjo,
1993):

o _3A=v) 3 ;

— m =—m
Lod+y) TP 2a4v)

(3.59)
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() W
A+v) 77 20+v) T
The coefficients of volume change can be obtained through the conversion of the

(3.60)

semi-logarithmic plot of void ratio to an arithmetic plot (Hung, 2000). The swelling
indices, C; and C,,, are the slope of the void ratio versus logarithm of net normal stress or
matric suction as shown in Figure (3.4). The semi-logarithmic plot of the void ratio
constitutive surface for an unsaturated soil is approximately linear on the extreme planes
over a relatively large stress range (Ho et al., 1992). The volume change indices obtained
from K, loading have been shown to be essentially the same as those obtained from
isotropic loading conditions, (Al-Shamrani and Al-Mhaidib, 2000).

Table (3.3): Relations between Elasticity Parameters and Coefficients of Volume Change

Stress State Variables Coefficient of volume Change Elasticity Parameter

Three-Dimensional Loading (3D):

(O poun — U, ); (U, =1, ))sp| s oe, 0.434 C, (1-2v)
mean a a w ml — — E — 3
a(o-mean - ua ) (1 + e{)) (O-mean - ua ) m iv
s e, 0434 C, 3
2 = = H = —
ou,—u,) (+e,) (u,—u,) ,

K, Loading, One-Dimensional Loading (1D):

(Gy - ua )’ (ua - uw)lD ms _ agy _ 0434 C? E = —(1 + V)(l — 2V)
P, -u,) (I+e) (o, -u,) (1= ymy_,,
o 0s, 0434 C, H = 1(1;‘/)
T A, —uy)y (e (u, —u,),p A=vImzap

Plane Strain Loading, Two-Dimensional Loading (2D):

0, —u ), —1u)yy | g = OEtE) 0434 C, g o 204v)(1-2v)

2P e, —u,)  (+e,) (o, —u,) m o

oe +e,) 0434  C, g 2 21+y)

B o(u, —u,),p - (I+e,) (u,—u,),, Ma-2p

2-2D —

The elasticity parameter functions £ and H can also be calculated directly from
volume change indices Cs (from net normal stress plane) and C,, (from matric suction
plane), respectively. Figure (3.3) shows the typical void ratio constitutive surface plotted in

semi-logarithmic scale and volume change indices. The elasticity parameters are calculated
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from the coefficient of volume change as shown in Table (3.3). The elasticity parameter £
can be expressed as a function of the volume change index with respect to net normal
stress, Cs, initial void ratio, and Poisson’s ratio. The elasticity parameter H can be
expressed as a function of the volume change index with respect to matric suction, Cy,
initial void ratio, and Poisson’s ratio. The equations for these elasticity parameters can be
written for general three-dimensional loading conditions as follows:

3.908(1-2v)(1+e,)
C

N

E (c,. —u) (3.61)
 6.908(1+¢,)
C

m

H (u,—u,) (3.62)

Equations (3.61) and (3.62) can be written for two dimensional plane strain conditions as

follows:
. 4.605(1+v)(C1 —2)*e,) (o (3.63)
o - 4.605(1+v)(1+e,) W, —u,) (3.64)

Figure (3.3): A Typical Void Ratio Constitutive Surface Plotted in Semi-logarithmic Scale.

3.9 Steps of Analysis

As mentioned before, in the uncoupled approach, the water phase continuity (i.e., seepage)
equation is solved separately from the equilibrium (i.e., stress-deformation) equations.
First, the seepage analysis is performed using SEEP/W. Seepage analysis required the
hyraulic conductivity function, k,, soil water characteristic curve and initial soil suction.
Final soil suction results are used as input for the stress-deformation analyis. The stress-

deformation analysis is performed with Fredlund's model in the Modified CRISP. This
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analysis required the elasticity parameters and Poison's ratio. Also, the initial soil stress is
important for stress deformation analysis. Soil displacement and stresses in the domain of

modal are obtained from Modified CRISP. The steps of analysis are illustrated as a flow

chart in Figure (3.4)

Initial

soil Suction

\ 4
1. Hydraulic conductivity .
. R Seepage Analysis
2. Soil Water Characrteristic (SEEP/W)
Curve
\ 4
Final
soil Suction
\ 4
3. Elasticity paramter with Volume Change Analysis —
respect to net normal stress (CRISP) I'mtlal
4. Elasticity paramter with Using Implemented Model soil stress
respect to soil suction (Fredlund's Model)
5. Poisson's ratio
\ 4

Soil displacement
(Heave)

Figure (3.4): Flow Chart for Analysis Steps of Unsaturated Expansive Soils
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CHAPTER (4)
PROGRAM VERIFICATION AND VALIDATION

4.1 Introduction

This chapter provides verification of the results obtained from Modified CRISP by
comparing the analysis results performed by Modified CRISP with that reported in the
field or with the results presented in the literature. For the purpose of this verification, one
case history and three example problems were used. The example problems include simple
heave problem presented by Fredlund and Rahardjo (1993) to evaluate heave using
analytical method depending on oedometer tests. Also, example problem presented by
Hung (2000) to estimate the influence of trees on surrounding soil using finite element
approach was used for verification of the modified program. Finally, example problem
simulates the influence of ground surface flux on soil heave presented by Hung (2000) is

used.

4.2 Simple Heave Problem (Fredlund and Rahardjo, 1993)

Fredlund and Rahardjo (1993) conducted an analysis to evaluate the total heave of
expansive soil layer due to change in soil suction. In this analysis, a 2.0 m thick layer of
expansive clay was subjected to change in soil suction due to covering with an
impermeable layer of asphalt as shown in Figure (4.1). The initial void ratio, e,, of the soil
is 1.0, the total unit weight is 18.0 kN/m’, and the swelling index, C; is 0.10. Only one
oedometer test was performed on a sample taken from a depth of 0.75 m. The test data
showed a corrected swelling pressure, Ps, of 200 kPa. It was assumed that the corrected

swelling pressure is constant throughout the 2.00 m layer.

GS v Asphalt
A B RIS
e,=1.0
C,=0.10
2.00m 18I/ Expansive Soil
Vb= m
P,=200kN/m’
Y

P,=200kN/m’

Figure (4.1): Simple Heave Problem (Fredlund and Rahardjo, 1993)
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It is anticipated that with time, the negative pore-water pressure in the soil below the
asphalt will increase as a result of the discontinuance of evaporation and
evapotranspiration. For analysis purposes, it was assumed that the final pore-water
pressure will increase to zero throughout the entire depth. Calculations performed by
Fredlund showed a total heave of 11.4 cm, approximately 36% of the total heave occurs in

the upper quarter of the clay strata.

4.2.1 Analysis with Modified CRISP
This example was re-analyzed using the modified program. The initial soil suction is
estimated from the swelling pressure using the following equation (Fredlund and Rahardjo,
1993):

P (o, ~u,)

4.1
7 (4.1)

W, -u,), =
Where:
(ug-u),: initial soil suction.
Py: swelling pressure.
(0,-u,): net normal overburden vertical stress.

/i equivalent factor (equal to degree of saturation)

Initial soil suction may be introduced as function in soil depth using the previous
equation. The factor, £, is taken equal to soil degree of saturation. The degree of saturation
is estimated to be equal 0.90 based on bulk unit weight (18kN/m’) and initial void ratio
(1.0) and assuming (2.70) for specific gravity of solid particles. Therefore, the initial soil
suction may be given by Equation (4.2) (Fredlund and Hung, 2004):

(u,-u,), =222.25-20Z (4.2)
Where:
(ug-uy),: 1nitial soil suction.
Z: depth of soil from ground surface.

According to equation (4.2), initial soil suction varies linearly with soil depth. Initial
soil suction at ground surface equals 222.25kPa and initial soil suction at end of layer
(2.00m depth) equals 182.25kPa. Similar to Fredlund and Rahardjo (1993), the final soil
suction is assumed to equal zero over the layer due to covering soil with impermeable layer

as proposed by Fredlund and Rahardjo (1993).

67



CH. (4): Program Verification and Validation

Soil properties are estimated from the given data by Fredlund and Rahardjo (1993).
Poisson's ratio, v, is assumed to equal 0.40 and at rest coefficient of earth pressure, K,,
equals 0.67. The modulus of elasticity with respect to change in net normal stress is not
required because there are no applied loads in the analyzed example problem. The modulus
of elasticity with respect to change in soil suction, H, is estimated using equations (4.3) and
(4.4) with the assumption that coefficient of volume change with respect to soil suction,
Cy, equals the coefficient of volume change with respect to total stress, C,, (0.10) as
proposed by Fredlund and Hung (2004). Thus, modulus of elasticity with respect to change
in soil suction, H, is introduced as function in soil suction by equation (4.5) according to

Fredlund and Hung (2004) .

., 043 C

Mo = (I+e,) (u, _”Zv )2 (*3)

H zw (4.4)
m; »p

H =130(u, —u,) (4.5)

Properties of the soil layer used in the analyses of example problem can by

summarized as shown in Table (4.1).

Table (4.1): Properties of Soil for Simple Heave Problem

No. Property Unit Value
1 | Modulus of elasticity with respect to soil kN/m® | 130(ug-u,,)
suction, H
2 Poisson's Ratio, v - 0.40
3 | Atrest coefficient of earth pressure - 0.67

The problem is simulated by a finite element mesh with dimension 20 X 2.0m using
triangular linear strain elements. The dimensions of finite element mesh and distribution of

elements are shown in Figure (4.2).
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Distance (m)

Figure (4.2): Dimension of Finite Element Mesh and Distribution of Elements
Validation Example No. 1

The results of analysis give a ground surface heave 10.40 cm. This value is almost in
good agreement with the results from analytical procedure presented by Fredlund and
Rahardjo (1993). The difference in results may be attributed to the assumption that the
coefficient of volume change due to soil suction change, C,, equals the coefficient of
volume change due to net total stress change, C;. The distribution of vertical heave with

depth is shown in Figure (4.3).

Soil Heave, AH, mm

0.00 20.00 40.00 60.00 80.00 100.00 120.00
0.00 o

0.20 4
0.40 «
0.60 +
0804 - A
1.00 =
1204 -
1404 ——————— - S
1604 -——— - A
1804 - A e
2.00 <

Depth, m

Figure (4.3) Predicted Vertical Displacements with Modified CRISP Program
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4.3 Case History of a Slab on Grade Floor on Regina Clay

The heave of a floor slab of a light industrial building in north central Regina,
Saskatchewan is reported and analyzed by Fredlund and Hung, 2004. Construction of the
building and instrumentation took place during August 1961. Instrumentation installed at
the site included a deep benchmark, vertical movement gauges, and a neutron moisture
meter access tube. Vertical ground movement was monitored at depths of 0.58, 0.85, and

2.39 m below the original ground surface (Yoshida et al., 1983).

The owner of the building noticed heave and cracking of the floor slab in early
August 1962, about a year after construction. An unexpected increase in water
consumption of approximately 35000L was recorded. The line of hot water was cracked
under the floor slab. The location of the cracks and contours of the heave are shown in

Figure (4.4).

__ Approximate location Slab Perimeter
‘\ of hotwater line \ cracking ™ A \‘ur building

Scale (m) [,

A

(NMM: neutron moisture meter, GMG: ground movement gauge, DBM: depth benchmark)

Figure (4.4): Floor Plan of Study Site and Contours of Measured Heave
(Yoshida et al., 1983)

Laboratory analysis for samples at the site was performed. Atterberg limits, insitu
water content, grain size distribution and swelling pressure of samples were evaluated.
Swelling pressure and swelling index were obtained by constant volume oedometer test for
three samples. The summary of the analysis results of oedometer tests are introduced in

Table (4.2).
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Table (4.2): Results of Constant Volume Oedometer Tests for Slab on Floor, Regina
Fredlund and Hung, 2004)

Depth | Initial void ratio, e, | Swelling Index, Cs | Corrected Swelling pressure, p;
(m) (kPa)
0.69 0.927 0.095 490
1.34 0.985 0.081 325
2.20 0.974 0.094 81

4.3.1 Analysis of Case History by Fredlund and Hung, (2004)

Fredlund and Hung (2004) present two dimensional numerical study of this site. The
analyses were performed for water flow and stress-deformation. Soil suctions were
estimated from saturated-unsaturated seepage analysis. The results were then used as input
for the prediction of displacements in a stress-deformation analysis. A general purpose
partial differential equation solver, called FlexPDE was used in the study (PDE Solutions
Inc., 2004). The details of study for seepage and stress-deformation analyses are presented

in the following sections.

4.3.1.1 Seepage Analysis
A seepage analysis was performed to predict changes in matric suction conditions in the
soil. The initial matric suction was estimated from the corrected swelling pressures. The
initial matric suction conditions required for seepage analysis can be estimated as follows
(Fredlund and Hung, 2004):

P, (o, -u,)

4.6
7 (4.6)

(ua _uH/' ) =
Where:
f: function set equal to degree of saturation.
P : swelling pressure.

The variation of corrected swelling pressure and initial soil suction with depth were

introduced in Figure (4.5) based on Equation (4.3).
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Figure (4.5): Distribution of Corrected Swelling Pressure and Estimated Initial
Suction with Depth (Fredlund and Hung, 2004)

An approximate soil-water characteristic curve was defined using measured water

contents at various values of soil suction. The Fredlund and Xing (1994) equation for Soil

Water Characteristic Curve, Equation (2.9), was used to describe the soil-water

characteristic curve, the fitting parameters for the relation between the volumetric water

content and soil suction were ar =300, ny =0.6 and my=0.7 where the fitting parameters for

relation between degree of saturation and soil suction were a=300, n=0.5 and m=0.7.

Figures (4.6) and (4.7) show the soil water characteristic curve relations.

1.00

0.90 4

Degree of Saturation

0.40 4

0.30

0.80 1

0.70 4

0.60 4

0.50 4

Soil Suction

Figure (4.6): Degree of saturation versus Soil Suction for Regina Clay (SWCC),
(Fredlund and Hung, 2004)
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Figure (4.7): Volumetric Water Content versus Soil Suction for Regina Clay (SWCC),

(Fredlund and Hung, 2004)
A coefficient of permeability function for compacted Regina Clay measured by

Shuai, (1996) was used for seepage analysis of this case history by Fredlund and Hung,

(2004). The coefficient of permeability function described by Leong and Rahardjo, (1997)

is provided as Equation (4.7) and shown graphically in Figure (4.8).

(4.7)

Where:

k,: the saturated coefficient of permeability ( 7.9x10™°m/s)

(553.5kPa)

(1.09)
(2.2)
(1.06)

ay. fitting parameter corresponding to

ny. fitting parameter corresponding to

my: fitting parameter corresponding to

P: fitting parameter corresponding to
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Figure (4.8): Coefficient of Permeability Function for Regina Clay

(Fredlund and Hung, 2004)
The geometry and boundary conditions for the seepage analysis are illustrated in

Figure (4.9). It is assumed that water leaked from the water line along 2 m length of the

line. It was assumed that the initial suction conditions did not change outside of the

concrete slab and at the lower boundary of the domain. A moisture flux equal to zero was

specified elsewhere along the boundaries.
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Figure (4.9): Geometry and Boundary Conditions for Seepage Analysis
(Fredlund and Hung, 2004)
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4.3.1.2 Stress-Deformation Analysis

The elasticity parameter function with respect to changes in net normal stress, £, was

calculated considering two dimensional conditions using Equations (4. 8) and (4.9).

(e, +
12D = CRGY, = 043 < (4.8)
oo, —-u,) (+e) (o, —u,)

_2(1+v)(1-2v)

S
m_,p

s

E 4.9)

The average values of swelling index measured using conventional oedometer test ,
C;, and initial void ratio, e,, were taken as 0.09 and 0.962 respectively. The Poisson's ratio,
v, was assumed to be equal to 0.40. The final expression for the elasticity modulus can be

introduced as follows (Fredlund and Hung, 2004):

E =28.11(c,, —u,) (4.10)

The elasticity parameter function with respect to changes in matric suction, H, can be
calculated for two-dimensional analysis using Equation (3.66). The swelling index with
respect to changes in matric suction, C,,, was not measured for this case history. Fredlund
and Hung (2004) suggested that a value of Cs to be used for C,,. The elasticity parameter

with respect to soil suction may be expressed as follows (Fredlund and Hung, 2004):
H =140.5u, -u,, ) (4.11)

Fredlund and Hung (2004) stated that deformation of the slab associated with this
case was due to applied load and wetting. Deformation of the slab and the soil mass due to
loading can be assumed to respond immediately, while the deformations due to wetting are
a time dependent process. Therefore, the stress-deformations due to loading and due to
wetting need to be analyzed independently. Figure (4.10) shows the stress path followed in
the analysis. The stress-deformation analysis was first performed to predict the
displacements and induced stress due to the loading of the slab. The deformations due to
changes in matric suction were then predicted for steady state conditions from the seepage

analysis (Fredlund and Hung, 2004).
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Figure (4.10): Stress Path Followed in The Stress-deformation Analysis
(Fredlund and Hung, 2004)

Figure (4.11) shows the geometry and boundary conditions for stress-deformation

Matric suction

analysis. A load equal to 5.76 kPa is applied on the surface of a 100mm thick concrete
slab. This surcharge is made up of 180 mm of fill with unit weight of 18.88 kN/m’ and 100
mm concrete with a unit weight of 23.6kN/m>. An accurate perimeter load is unknown,
however, a typical value of 15 kN/m was assumed. The soil is free to move in a vertical
direction and fixed in the horizontal direction at the left and right sides of the domain. The

lower boundary is fixed in both directions.

Distancs (m)

Figure (4.11): Boundary Conditions for Stress-deformation Analysis

4.3.2 Results of Analysis from Fredlund and Hung (2004)

Figure (4.12) shows the matric suction distribution in the soil at steady state conditions. It
can be noted that under the specified boundary conditions the matric suction at steady state

conditions is about 20kPa under the center of the slab.
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Figure (4.12): Matric Suction at Steady State Conditions (Fredlund and Hung, 2004)

The predicted vertical displacements at various final suction conditions with the
measured total heave at the center of the slab are presented in Figure (4.13). The agreement
between the predicted and the measured heave at different depths differ to some degree.
The amounts of heave measured at depths of 0.58 and 0.85 m correspond to the predicted
heave at 100 days, while the total heave of 106 mm at the ground surface corresponds to
the case when the pore-water pressure goes to zero under the slab. It must be noted that a
heave of 106 mm represents the maximum heave observed on the slab. The maximum
heave observed at the cross-section (A-A) under consideration is only 80 mm (Fredlund
and Hung, 2004)

Vertical displacements (mm)
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Figure (4.13): Measured and Predicted Vertical Displacements near The Center of Slab
(Fredlund and Hung, 2004)

4.3.3 Results of Analysis from Modified CRISP

The case history was re-analyzed using the Modified CRISP with the same soil properties.
Dimensions of finite element mesh and distribution of elements are presented in Figure
(4.14). Figure (4.15) shows the matric suction distribution in the soil at steady state
conditions obtained using SEEP/W program with same soil properties introduced by

Fredlund and Hung (2004). The suction distribution is well compared to the results of
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Fredlund. However, final soil suction at steady state conditions under the center of slab was

approximately zero.
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Figure (4.14): Dimension of Finite Element Mesh and Distribution of Elements
for Slab on Floor in Regina Clay Case History
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Figure (4.15): Matric Suction Distribution at Steady State Conditions with SEEP/W

The results of the stress-deformation analysis at steady state conditions are shown in
Figure (4.16). When analyzing the problem using Modified CRISP for steady state
conditions, the results of analysis showed good agreement with the results reported by
Fredlund and Hung (2004) for the case of final pore water pressure under the entire slab

equal to zero.

It should be noted that the maximum predicted heave at ground surface (94 mm)
resulting from steady state condition analysis is greater than that measured at the site (80
mm) and reported by Fredlund and Hung (2004). This because the final soil suction
distribution assumed in the field did not reach the steady state conditions as considered in

the current analysis.

In general, the results of Modified CRISP are in good agreement with the measured
results considering assumptions of the soil properties and the accuracy of the initial suction

values.
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Figure (4.16): Predicted Vertical Displacements with Depth near The Center of Slab at
Steady State Conditions (Modified CRISP Program)
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4.4 Influence of Trees on Surrounding Soil (Hung, 2003)
Hung (2003) analyzed the influence of a line of trees on the surrounding soil. It was
assumed that the trees are planted in a line at every 5 m. In this analysis, a 10 m thick layer

of clay soil is considered. The coefficient of permeability of the soil is described using

-8
Gardner's (1958) equation with a saturated coefficient of permeability equal to 5.79x10

m/s (i.e., 5 mm/day), parameters a and n equal to 0.001 and 2, respectively. The initial
void ratio of the soil is equal to 1.0, and the volume change index with respect to matric

suction, C is equal to 0.2.
m

Hung (2003) proposed that the initial matric suction is taken to be hydrostatic with
an unchanged ground water table at the 15 m depth. This represents the water content

conditions in soils in the winter when water uptake by the trees is low. It is then assumed

that one tree will extract 0.3 m3

of water per day in summer and the steady state condition
is attained (Hung, 2003). The water uptake zone for the trees is from the 1 m to 3 m depth,

with uptake rate decreasing linearly with depth.

Deformations in the soil profile due to water uptake by trees from initial to final
matric suction state were predicted. The elastic modulus function with respect to matric
suction for the soil was computed using a given initial void ratio, e,, swelling index, Cs,
and assumed Poisson's ratio, v, equal to 0.3. The function can be calculated from Equation

(4.4) as follows (Hung, 2003):

H=599u -u ) (4.12)

a w ave

The initial and final matric suction conditions used to predict deformations in the
stress-deformation analysis were obtained from the steady state seepage analysis using the
coefficient of permeability function shown in Figure (4.17). Boundary conditions for initial
matric suction condition, a -15 m total head was specified at the lower boundary and a zero
total head was specified at other boundaries. While, for final matric suction conditions, a -
15 m total head was specified at the lower boundary, a boundary outflow value was
specified along the left side of the soil domain at a depth from 1 m to 3 m and zero total
head was specified at other boundaries. The outflow value decreases linearly from 15

mm/day at the 1.0 m depth to zero mm/day at the 3 m depth. This boundary condition
3
represents 0.3 m /day of water being extracted by one tree from the soil (i.e., 2 sides x 2 m

3
depth x 5 m wide x 15 mm/day = 0.3 m /day).
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Figure (4.17): Permeability Function of Soil for Influence of Trees Example (Hung, 2002)

The matric suction distribution in the soil at equilibrium is estimated from seepage
analysis. The deformations in the soil profile due to water uptake by tree roots were then
predicted through the use of the stress-deformation analysis. The boundary condition for
the stress-deformation analysis involved free moving of soil in the vertical direction and
fixed in horizontal direction at the left and right sides of the domain. The lower boundary

was fixed in both directions.

4.4.1 Results of Analysis from Hung (2003)

The final matric suction profiles are shown in Figure (4.18). The ground movements at
various depths are shown in Figure (4.19). It can be seen that the movements near the
ground surface were quite large within a horizontal distance of about 4 m from the trees.
The movements decreased rapidly with distance until at 12 m. The displacements also
decreased rapidly with depth. At ground surface, a value of settlement of 85 mm at tree
location decreased to 40 mm at 8 m from the trees. At 4 m from the trees, a settlement of
65 mm at ground surface decreased to 40 mm at the 3 m depth, and about 20 mm at the 5

m depth.
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Figure (4.18): Final Matric Suction (kPa) Profile (Hung, 2003)
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Figure (4.19): Variation of Ground Movements with Depth near a Line of Trees,

(Hung, 2003)

4.4.2 Results of Analysis from Modified CRISP

The same problem was analyzed using the SEEP/W program for seepage analysis and

modified CRISP for stress-deformation analysis. Dimensions of the finite element mesh

and distribution of elements are illustrated in Figure (4.20). Initial soil suction profile is

presented in Figure (4.21), while final soil suction profile at steady state conditions is

presented in Figure (4.22). Deformations due to trees are introduced in Figure (4.23).

Comparison show good agreement of the results from Hung, (2003) and the results from

Modified CRISP are similar to a great extent. For example, the displacement at ground

surface near the trees root is 85 mm from Modified CRISP and 80 mm from Hung, (2003).

Therefore, the Modified CRISP is considered a satisfactory tool for estimating the effect of

trees on the surrounding soil and structures.
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Figure (4.20): Dimension of Finite Element Mesh and Distribution of Elements
Validation Example No. 3
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Figure (4.21): Initial Suction Distribution, SEEP/W
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Figure (4.22): Final Suction Distribution near Trees, SEEP/W
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Figure (4.23): Variation of Ground Movements with Depth near a Line of Trees,

Modified CRISP Program
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4.5 Influence of Ground Surface Flux (Hung, 2003)

This example considers the hypothetical case of a 5- m thick deposit of swelling clay
considered by Hung (2003). The surface is assumed partially covered with a flexible cover.
Figure (4.24) presents the geometry and key variables for this problem. Experimental data
used for this analysis were obtained from tests on compacted specimens of Regina clay
(Hung, 2000). Poisson’s ratio was assumed to be 0.4. The elasticity parameters (E, H) are
presented graphically in Figures (4.25) through (4.28)

Infitiration, q = 210" ms

Flexible cover

ar
" Regina clay
E Bp= 0085 5, =0.774
£ 2. Cm=0.080 Gs= 243
= X CenODAR 5 = 17.27 khim3
] 3 pnE0d Initial matric suction = 400 kPa
4 Kg ™ Q.67
5l
0 5 0 15
Cistance, m

Figure (4.24): Geometry and Key Variable of Soil

Elasticity parameter, E (MPa)

Figure (4.25): Elasticity Parameter for Soil Structure with Change in Net Normal Stress, £
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The initial matric suction in the soil mass was assumed to be constant and equal to
400 kPa. The coefficient of earth pressure at-rest, Ky, was assumed to be 0.67 for the
calculation of initial stress condition. The transient wetting process was introduced by
imposing a water infiltration rate equal to 2x10™® m/s at the uncovered portion of the
ground surface. Such a wetting condition simulates the water infiltration into the soil mass
due to the watering of a lawn or a light rain. The analysis is performed to track both the
swelling soil behavior and matric suction changes as the transient wetting front advances

into the soil mass.

Boundary conditions for this example as assumed by Hung (2003), the left and right
sides of the domain were free to move in the vertical direction and fixed in horizontal

direction. The lower boundary was considered fixed in both directions.

4.5.1 Results of Analysis from Hung (2003)

Hung, (2003) analyzed the problem with uncoupled and coupled approaches. The
uncoupled solutions are obtained through the use of the general partial equation solver,
FlexPDE, while coupled solution was performed using COUPSO program. The uncoupled
and coupled solutions at day 53 after infiltration begins were used to simulate the effect of
infiltration. The comparisons are presented for the distribution of matric suction and
vertical displacement in Figures (4.29) and (4.30). Immediately after wetting was
introduced into the soil from the uncovered surface, water infiltrated downward and to the
left of the soil domain. Matric suction reduced to less than 100 kPa near ground surface.
Most of the soil suction changes occurred below the uncovered portion where infiltration

took place.
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Figure (4.29) Matric Suction Distribution at Day 53 Using Coupled and Uncoupled
Approaches (Hung, 2003)
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Figure (4.30): Vertical Displacement Distribution at day 53 Using Coupled and Uncoupled
Approaches (Hung, 2003)

4.5.2 Results of Analysis from Modified CRISP

The infiltration example was re-analyzed with uncoupled approach using Modified CRISP.
The seepage analysis for the infiltration process through unsaturated soil is modeled using
SEEP/W program. Then, the final soil suction profiles were used to perform the stress-
deformation analysis. Dimensions of finite element mesh and distribution of elements are
presented in Figure (4.31). The final soil suction profiles after 53 due to infiltration are
introduced in Figure (4.32). The vertical displacement due to wetting from surface
infiltration was predicted using modified CRISP program. Total heave due to wetting for

53 days is presented in Figure (4.33).

Results of the analyses appear to be reasonable and consistent with predicted values
reported by Hung (2000). It can be noted that heave at the center of flexible cover is about
6 mm from analysis by Hung (2000) and 7.5 mm from analysis using Modified CRISP.

It is possible to use unsaturated soil theory for seepage and stress analysis using

Modified CRISP program to study the influence of infiltration conditions on soil heave.
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Distance (m)

Figure (4.31): Dimension of Finite Element Mesh and Distribution of Elements
Validation Example No. 4
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Figure (4.33): Vertical Displacement Distribution at day 53 (Modified CRISP)
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CHAPTER (5)
EVALUATION OF HEAVE
DUE TO WATER CONTENT CHANGES

5.1 Introduction
Volume change of expansive soils upon wetting may cause extensive damage to structures,
in particular, light buildings and pavements. The changes in water content of soil can

originate from the environment or man-made causes.

Changes in water content due to environmental conditions may be attributed to
significant variations in climate, such as long droughts and heavy rains. Climate variations
cause cyclic water content changes resulting in edge movement of structures. Also, the

changes in depth to the water table lead to changes in soil water content.

Man-made construction process leads to changes in water content profiles. Covered
areas reduce natural evaporation of moisture from the ground, thereby increasing the soil
water content. Inadequate drainage of surface water from the structure leads to ponding
and localized increases in soil water content. Defective rain gutters and downspouts
contribute to localized increases in soil water content. Seepage into foundation subsoils at
soil foundation interfaces and through excavations made for basements or shaft

foundations leads to increased soil water content beneath the foundation

Watering of lawns leads to increase in soil water content. Planting and growth of
heavy vegetation, such as trees, at distances from the structure less than 1.0 to1.5 times the
height of mature trees, aggravates cyclic edge heave. Drying of soil beneath heated areas of
the foundation, like furnace rooms, leads to soil shrinkage. Leaking underground water and

sewer lines can cause foundation heave and differential movement.

For the purpose of this research, the impact of several water content variation sources
on the heave of expansive soils was investigated. Sources of water content variations
considered for this research are shown in Figure (5.1). These factors will be analyzed using
uncoupled finite element approach implemented in the Modified CRISP program presented

in Chapter (3).

For the purpose of this research, soil properties of Regina clay will be adopted for

these analyses. Regina clay was selected because of the abundance of data in the literature
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regarding the physical and mechanical properties that were evaluated under different stress

state variables.

SOIL TYPE
(Regina Clay)

Sources of Water Content Variation

A 4 \ 4 \ 4 V}

Climate Lawn Pipe Leakage Infiltration
Effect Effect Effect Effect

Figure (5.1): Water Content Variation Sources

5.2 Regina Clay Properties

As stated earlier, Regina Clay was considered as the modeling soil for the analyses
presented hereinafter. Data on Regina Clay characteristics as provided in the technical

literature are summarized herein after.

Regina Clay is classified as highly expansive, post-glacial lake deposit found beneath the
city of Regina, Saskatchewan (Shuai, 1996). The unified Classification system places the
soil in the class of organic clay with high plasticity. The index properties of soil, together
with the mineralogical composition and the cations in the pore-water, are presented in
Table (5.1). The particle size distribution curve for the soil is shown in Figure (5.2). The
mineralogical composition of clay friction was determined by Krahn and Fredlund (1972)
which indicated that the main clay minerals are Ilitte 42% and Montmorillonite 20%. The
high content of Montmorillonite is responsible for high swelling potential of Regina clay.

The exchangeable cations are mostly calcium (Shuai, 1996).
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Table (5.1): Index Properties of Regina Clay (Shuai, 1996)

Location

Regina area - Saskatchewan- Canada

Specific gravity

2.83

Atterberg limits

Liquid Limit, Wy, = 69.9%
Plastic Limit, W, =31.9%
Plasticity Index, I, = 38.0%

QGrain size Distribution

Sand = 2.2%
Silt =32.9%
Clay = 64.0%

Unified Soil Classification system

CH — Inorganic clay of high plasticity

Standard Compaction

Maximum dry unit weight = 1.640 t/m’
Optimum Moisture Content = 28.5 %

Mineralogical Composition

(X-ray diffraction)

Montmorillonite 20%
Ilite 42%

Kaolinite 14%

Mixed mineral layer 24%

Cations in pore water

(Milliequivalents/100 grams dry soil)

Sodium 1.05
Calcium 3.16
Magnesium 1.66

Potassium 0.33

100
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Figure (5.2) Particle size Distribution Curve for Regina Clay (Shuai, 1996)
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Soil water characteristic curve of Regina clay was presented by Fredlund and Hung,

025 4--
0.20

* JUIUO)) JIBAA ILIJIUWIN[O A

volumetric water content versus soil suction data. Constants of equations are 0,=49.3%,
a = 300kPa, ns = 0.60, and m, = 0.70. Figure (5.3) presents the fitted soil water

(2004). Fredlund and Hung, (2004) used the Fredlund and Xing equation to fit the

characteristic curve for Regina clay

Matric Suction, (# ,-u,,) (kPa)
93

0.1
Figure (5.3): Soil Water Characteristic Curve Relationship for Regina Clay

A coefficient of permeability function (i.e., variation of coefficient of permeability
to the analysis of this study. The coefficient of permeability function was derived using

with soil suction) for compacted Regina clay (Shuai, 1996) is considered as integral input

Leong and Rahardjo (1997) equation and presented graphically in Figure (5.4)
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Figure (5.4): Coefficient of Permeability Function for Regina Clay

Lytton (1994) presented typical values for coefficients of at rest earth pressure,

K,, that were back calculated from field observations of heave and shrinkage for

unsaturated expansive soils as shown in Equation (5.1).
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A coefficient of earth pressure equal to 0.667 was considered by Fredlund and

Hung, (2004) for Regina Clay. A Poisson's ratio, v, equal to 0.40 was suggested by

(2004) from K, using the following equation:

Fredlund and Hung,

(5.2)
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The elasticity parameter function with respect to changes in normal stress, E,
for Regina clay may presented by equation (5.3) according to Fredlund and Hung,
(2004).

E =28.11(c, —u,) (5.3)

The elasticity parameter function with respect to changes in soil suction, H, for
Regina clay was presented by equation (5.4) according to Fredlund and Hung,
(2004).

H =140.5u, -u, ) (5.4)

Properties that have been presented in the literature for Regina clay and used

in this research are summarized in Table (5.2).

Table (5.2): Mechanical and Physical Properties of Regina Clay

No. Properties Symbol value units
1 | Unit weight Yo 18.88 kN/m’
) At rest .earth pressure K, 0.67 i
coefficient

3 | Poisson's ratio \Y 0.40 -
The elasticity parameter

4 | function with respect to E 28.11(o,, —u,) kN/m*

changes in normal stress
The elasticity parameter
5 | function with respect to H 140.5(u, —u,, ) kN/m*
changes in normal stress

‘ - ) 49,30
6 Soil water qharacterlstlc swee - —07 o
curve function In|e+(—)
300
~ 7.9%107"°
eqe . - 2.25
7 | Permeability function k { n (e .\ (Ssz/; 5)109 } m/s

As described in Chapter (3), uncoupled analysis of expansive soil behavior due to
different water variation effects was performed in two stages, namely, seepage analysis and
stress-deformation analysis. Seepage analysis requires the initial soil suction profiles, the
permeability function, k& and soil water characteristic curve (SWCC). Stress-deformation

analysis requires the elasticity parameters with respect to change of net normal stress, E,
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elasticity parameter with respect to change of soil suction, H, and passion's ratio, v. For the
cases where, final soil suction profile and active zone depth are obtained using field

measurements, seepage analysis for estimation of final soil suction is not required.

5.3 Active Zone

Adequate design of foundations on expansive soil must consider the maximum amount of
heave that may occur during the lifetime of the structure. Prediction of the maximum heave
requires that the largest zone of expansive soil that can be wetted be defined, variations of
expansive soil properties in that zone must be determined, and the greatest heave potential
of that zone must be predicted. Active zone is that zone of soil that is contributing to heave

due to soil expansion at any particular time. The active zone will normally vary with time.

If the ground water level is shallow, the depth of active zone, Z,, may be assumed
equal to the depth of water table for ground water levels less than 6.00 m in clay soil. The
pore water pressure at ground water table is assumed to be zero. If the ground water level
is deep, the depth of active zone, Z,, may be determined by field measurements of soil
suction. If depths to groundwater exceed 6.00 m beneath the foundation and no other
information is available, the depth of active zone can be assumed to be 6.00 m for dry
profiles below the base of foundation. However, the depth should not be estimated less

than three times the width of foundation (TM 5-818-7, 1983).

The pore water pressure or soil suction change is often approximately constant with
increasing depth below active zone depth. Sometimes active zone depth can be estimated
as the depth below which the water content/plastic limit ratio or soil suction is constant. If
the soil suction is not approximately constant with increasing depth below depths of 3.50
to 6.00m, the active zone depth may be approximated by being set to a depth 0.35 to 0.75m
below the first major change in the magnitude of the soil suction (TM 5-818-7, 1983).

Lytton (1995) provided several profiles of field suction measurements and estimated
the depths of moisture active zone where total suction reaches equilibrium suction level or

there is an inferred presence of a water table.
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5.4 Soil Suction Profiles

The magnitude of swelling of expansive clay depends on the magnitude of change from the
initial to the equilibrium or final suction profile that will be observed to take place in the

active zone of expansive soils.

The vertical distribution of matric suction in a horizontally layered unsaturated soil
generally depends on several factors: in particular, the soil properties as given by the soil
water characteristic curve (SWCC) and the soil permeability function, environmental
factors including precipitation or evaporation rates, and boundary drainage conditions
including the location of the water table. The combination of these factors results in

different suction profiles as shown in Figure (5.5).

S
(G.9)
................. S~ A A
Variations due to climate - \ > "'~.,.
conditions ) Z, | Seasonal moisture fluctuation Zone
i (1-3m)
A Y

Evaporation Suction Profile ——— >

Hydrostatic Suction Profile

A
\

Z,| Active zone
Infiltration Suction Profile

A\
\

(G.W.T)

Saturated Zone

Figure (5.5): Change in Soil suction profiles due to Environmental Conditions

Initial suction profile may be assumed as suction increases with increase in vertical
distance above the groundwater level in proportion to the unit weight of water. If shallow
water table does not exist, suction profile also becomes more negative with increasing
vertical distance above the bottom boundary of active zone in proportion to the weight of

water.

The final suction profile can be estimated either analytically using a moisture
diffusion analysis for steady-state flow or by field measurements. In absence of field or
analytical data, Fredlund and Rahardjo (1993) proposed that there are three possibilities
for the estimation of final pore-water pressure conditions, first, it can be assumed that the
water table will rise to the ground surface, creating a hydrostatic condition. This

assumption predicts the greatest amount of total heave. Second, it can be assumed that the

97



CH. (5): Evaluation of Heave Due to Water Content Changes

pore-water pressure approaches a zero value throughout its depth. This may appear to be a
realistic assumption; however, it should be noted that it is not an equilibrium condition. In
many situations, this assumption may provide a suitable estimate for the final pore-water
pressure state. Third, it can be assumed that under long-term equilibrium conditions, the
pore-water pressure will remain slightly negative. This assumption predicts the smallest
amount of total heave. It is also possible to have variations of the above assumptions with

depth (Fredlund and Rahardjo, 1993).

5.5 Climate Conditions Effect

Amount and variation of precipitation and evaporation greatly influence the moisture
availability and depth of seasonal moisture fluctuation zone, Z;. Greatest seasonal suction

variation occurs in arid or semi-arid climates that have pronounced and short wet periods.

Many researchers stated that matric suction profile within the seasonal moisture
fluctuation zone could be important to the stability of many shallow geotechnical structures

(Rahardjo and Leong, 1997; Totoev and Kleeman, 1998; Fredlund et al., 2001).
5.5.1 Depth of Seasonal Moisture Fluctuation Zone, Z;

The depth of seasonal moisture fluctuation, Z;, is defined as the least soil depth near the
surface in which the water content varies due to climate after construction of foundation as
shown in Figure (5.5). The depth of this zone would be less than or equal to the depth of
active zone, Z,. The deeper seasonal moisture fluctuation zone is, the larger the region over
which soil expansion can occur and thus the larger the potential for heave due to soil

expansion.

The depth of seasonal moisture fluctuation zone is related to the climate and clay soil
properties. When a marked separation occurred between wet and dry seasons, a large
seasonal variation in soil moisture content occurred, a large seasonal moisture fluctuation
zone depth is expected, whereas in areas which were either predominantly dry or
predominantly wet for most part of the year, the changes in soil moisture content is not so

marked (Mitchell, 1979).

Fityus et al. (1998) have proposed that the Thornthwaite Moisture Index (TMI) can

be used to determine the depth of seasonal moisture fluctuation, Z;, for the purpose of site
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classification. The proposed correlation between TMI and depth of seasonal moisture

fluctuation zone is shown in Table (5.3).

Seasonal moisture fluctuation zone depth can be inferred from the suction
measurements using psychrometers in the field or using laboratory tests. Mitchell (1979)
presented several field suction profiles measured in the area of Adelaide, South Australia
(Mediterranean Climate) with the depth seasonal moisture fluctuation zone close to 1.5-
2.5m.

Table (5.3): Depth of Seasonal Moisture Fluctuation Zone based on TMI Values
(Fityus et al., 1998)

Climate classification | Thornthwaite Moisture Index, Depth of seasonal
TMI moisture fluctuation, (m)
Wet (Coastal/Alpine) >40 1.50
Wet temperate 10 to 40 1.80 to 1.50
Temperate -5to 10 2.30to 1.80
Dry temperate -25to -5 3.0t02.30
Semi-arid <-25 3.0

5.5.2 Soil Suction Change at Ground Surface, §

Variations in climate conditions produce changes in the pore-water pressure or suction
distribution, which in turn result in shrinking and swelling of the soil deposit. The pore
water pressure distribution with depth can take a wide variety of shapes as a result of

climate changes as shown in Figure (5.5)

An idealized soil suction profile in a uniform soil at an undeveloped site in a dry
climate is shown by evaporation suction profile in Figure (5.5). Below the depth of active
zone, Z,, equilibrium water content exists and above it, the water content decreases due to
water losses from the ground surface, usually evapo-transpiration. If a cover is placed on
the ground surface that is large enough that edge effects can be neglected, surface water
losses are eliminated, and the suction profile will come into equilibrium with the
environment, for example, by infiltration suction profile as shown in Figure (5.5). If the
ground surface is subjected to temperature fluctuations such as due to summer and winter
climates, suction in this zone affected by temperature changes will fluctuate about

infiltration suction profile.
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The Australian standards (AS 2870) estimated the soil moisture conditions in terms
of soil suction, (u,-u,,) with units of pF. When a soil is saturated, it has a relatively low
suction value of 3.2 pF (158kPa) or less which increases to 4.2 pF (1585kPa) when soil
dries to the wilting point of vegetation. Recommended soil suction change values at ground
surface and depth of seasonal moisture fluctuation zone, Z,, for various locations in
Australia are given in Table (5.4). The change in suction profile is assumed to decrease
linearly with increasing depth below ground surface and becoming zero at end of seasonal

moisture fluctuation zone, Z;.

Table (5.4): Soil Suction Change Profiles for Various Locations in Australia (AS 2870)

Location Change in soil suction at Depth of seasonal
The soil surface, S moisture fluctuation, Z;

(pF) (m)

Adelaide 1.20 4.0

Albury/Wodonga 1.20 3.0

Brisbane/Ipswich 1.20 1.50 to 2.30

Hobart 1.50 2.0

Hunter Valley 1.50 2.0

Newcastle/Gosford 1.50 1.50

Sydney 1.50 1.50

There are no measurements for seasonal moisture fluctuation zone or soil suction
profiles in Egypt. Thus, the suction profile used here will be estimated from data available
in the literature. Figure (5.6) presents different parameters used in the analysis of the effect
of climate variations on footing heave. In this analysis, the seasonal moisture fluctuation
zone depth, Z;, is selected 1.0, 2.0, 3.00 m based on values reported in the technical
literature. The suction change at ground surface varied as 1.0, 1.20, 1.50 pF. The final soil
suction is assumed to be hydrostatic with soil suction value of 3.2 pF (150kPa) at ground
surface which simulates wet conditions in winter and infiltration suction profile as
illustrated before in Figure (5.5). The initial soil suction is estimated by subtracting the soil
suction change from final soil suction. The idealized profiles used in analysis of climate

effect through this research are shown in Figure (5.7).
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CLIMATE EFFECT

A\ 4

Winter Conditions
Suction Change (Decrease) at G.S., S
1.0 pF, 1.2 pF, 1.5 pF

A 4

Seasonal Moisture Fluctuation Zone Depth, Z;
1.00, 2.00, 3.00m depth

A 4

Final Soil Suction

Hydrostatic with 150kPa soil suction at G.S

A 4
Footing Width, B
1.0, 2.0, 4.0m

A 4

Footing Pressure, Ag
20, 40, 60, 100, 140kPa

Figure (5.6): Parameters of Climate Effect Study
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Z, | Seasonal moisture fluctuation Zone
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Infiltration Suction Profile Z,

Active zone
(10m)

1.70pF (5kPa)

Figure (5.7): The Idealized Profiles Used in Analysis
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5.5.3 Results of Climate Conditions Effect

Results of analysis for the effect of climate conditions parameters such as, depth of
seasonal moisture fluctuation zone, Z;, and suction change at ground surface, S on the
heave of shallow foundation are presented in Tables from (5.4) to (5.6). In addition, the
effect of footing width and footing pressures were investigated. Table (5.5) summarizes the
results for heave under different footing pressures, footing widths and different soil suction
change in case of 1.00 m seasonal moisture fluctuation zone depth. Similarly, Tables (5.6)
and (5.7) presented the results for 2.00 m and 3.00 m seasonal moisture fluctuation zone

depth respectively.

Table (5.5): Footing Heave for 1.00 m Depth Seasonal Moisture Fluctuation Zone

Footing
width, B 1.00 2.00 4.00
(m)
Suction
Change
at G.S.,
PF)| 1.0 1.2 1.5 1.0 1.2 1.5 1.0 1.2 1.5
Footing
Pressure,
Ag (kPa)
0.0 2637 | 32.86 | 42.94 | 26.37 | 32.86 | 4294 | 26.37 | 32.86 | 42.94
20 24 30.09 | 39.62 | 24.54 | 30.67 | 40.25 | 24.95 | 31.11 | 40.71
40 23.02 | 28.89 | 38.13 | 24.13 | 30.14 | 39.53 | 24.82 | 30.94 | 40.44
60 2248 | 2823 | 37.27 | 23.98 | 29.93 | 39.22 24.8 30.95 | 40.46
100 21.89 | 27.49 36.3 23.51 | 2938 | 38.73 | 24.14 | 30.08 | 39.58
140 21.48 | 27.01 | 35.72 | 22.54 | 2833 | 3748 | 22.75 | 28.68 | 38.10
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Table (5.6): Footing Heave for 2.00 m Depth Seasonal Moisture Fluctuation Zone

Footing
width, B 1.00 2.00 4.00
(m)
Suction
Change
at G.S.,
(rF)| 1.0 1.2 1.5 1.0 1.2 1.5 1.0 1.2 1.5
Footing
Pressure,
Ag (kPa)
0.0 5342 | 66.46 | 86.63 | 53.42 | 66.46 | 86.63 | 53.42 | 66.46 | 86.63
20 50.26 | 62.82 | 82.37 | 50.24 | 62.77 | 82.29 | 50.74 | 63.32 | 82.89
40 48.66 | 60.91 80.04 | 48.92 | 61.17 | 80.28 | 49.81 62.19 | 81.46
60 47.64 | 59.68 78.5 48.12 | 60.18 79 49.29 | 61.53 | 80.55
100 46.35 | 58.09 | 76.46 | 46.76 | 58.54 | 77.19 | 47.27 | 59.03 | 78.01
140 4545 | 57.04 | 75.11 449 56.37 | 74.71 | 44.61 | 56.16 | 74.51

Table (5.7): Footing Heave for 3.00 m Depth Seasonal Moisture Fluctuation Zone

Footing
width, B 1.00 2.00 4.00
(m)
Suction
Change
at G.S.,
(rF)| 1.0 1.2 1.5 1.0 1.2 1.5 1.0 1.2 1.5
Footing
Pressure,
Ag (kPa)
0.0 81.35 | 101.04 | 131.36 | 81.35 | 101.04 | 131.36 | 81.35 | 101.04 | 131.36
20 77.83 | 97.02 | 126.67 | 77.51 96.64 126.2 | 77.86 | 97.01 | 126.54
40 75.89 | 94.73 | 1239 | 75.63 | 94.38 | 12339 | 76.21 | 94.95 | 123.93
60 74.56 | 93.15 | 12191 | 7433 | 92.76 | 121.32 | 74.86 | 91.01 | 121.85
100 7273 | 90.88 | 119.02 | 71.94 | 89.89 | 118.04 | 71.21 88.91 | 117.43
140 71.3 89.17 | 116.85 1 69.09 | 86.52 | 1144 | 67.23 | 84.56 | 112.00
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5.5.4 Analysis of Results for Climate Conditions
The effect of each parameter of climate conditions is investigated and analyzed to estimate
its significance on footing heave. The relationships between heave at mid point of footing

and climate parameters are presented graphically to predict the order of these relationships.

As will be stated later, the results indicate that the climate condition parameters (i.e.
soil suction change at ground surface, S and seasonal moisture fluctuation zone depth, Z;)
have a significant effect on the footing heave. However, the footing width, B, and footing

pressures, Ag, have a less significant effect on footing heave than the climate parameters.

5.5.4.1 Effect of Seasonal Moisture Fluctuation Zone Depth, Z;

Figure (5.8) presents the effect of seasonal moisture fluctuation zone depth on footing
heave under zero pressures. Seasonal moisture fluctuation zone depth, Z,, has a significant
effect on footing heave. Increase in seasonal moisture fluctuation zone depth leads to
increase of heave. In addition, the relationship between seasonal moisture fluctuation zone
depth and footing heave is linear. Slope of linear relationship increases with increase of the
soil suction change at ground surface, S. It may be noted that slope of relationship for 1.50

pF soil suction at ground surface is one and half times slope of relationship for 1.00 pF.
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Figure (5.8): Effect of Seasonal Moisture Fluctuation Zone Depth, Z;, on Footing Heave
under Zero Applied Pressures
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Figures (5.9) and (5.10) illustrate the effect of seasonal moisture fluctuation zone
depth on footing heave under 60 kPa and 100 kPa footing pressures; respectively and for
2.00m footing width. The relationship between seasonal moisture fluctuation zone depth
and heave of the mid point of footing is linear. Slope of linear relationship increases with
increasing of soil suction change at ground surface. Furthermore, the slope decreases with

increase of footing pressure for the same soil suction change at ground surface.

Heave, AH (m)

1.00 1.50 2.00 2.50
Active Zone Depth, Z, (m)

Figure (5.9): Effect of Seasonal Moisture Fluctuation Zone Depth, Z;, on Footing Heave
under 60 kPa Footing Pressure for 2.0 m Footing Width
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Figure (5.10): Effect of Seasonal Moisture Fluctuation Zone Depth, Z; on Footing Heave
under 100 kPa Footing Pressure for 2.0 m Footing Width

5.5.4.2 Effect Soil Suction Change at Ground Surface, S

Figure (5.11) presents the effect of soil suction change at ground surface on footing heave
under zero pressure. According to the results shown in the figure, soil suction change at
ground surface, S, has a significant effect on the heave of soil. Increase in soil suction
change by 20% leads to increase of heave by 25% for 1.0 m seasonal moisture fluctuation
depth under zero footing pressure. In addition, the relationship between Soil suction

change at ground surface and footing heave is linear.

Under different footing pressures, Figure (5.12) and (5.13) presents the effect of soil
suction change at ground surface on footing heave for 60 and 100 kPa footing pressure;
respectively. The relationship between soil suction change at ground surface and footing
heave is linear under different footing pressures. The slope of linear relationship is almost
equal for different footing widths. Also, the effect of soil suction change on footing heave

is slightly influenced by footing pressure.
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Figure (5.11): Effect of Suction Change at Ground Surface, S on Footing Heave
under Zero Applied Pressure
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Figure (5.12): Effect of Suction Change at Ground Surface, S on Footing Heave
under 60 kPa Footing Pressure for 1.00 m Seasonal Moisture Fluctuation Zone Depth
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Figure (5.13): Effect of Suction Change at Ground Surface, S on Footing Heave
under 100 kPa Footing Pressure for 1.00m Seasonal Moisture Fluctuation Zone Depth

5.5.4.3 Effect of Footing Width, B

Figure (5.14) illustrates the effect of footing width on footing heave due to climate effect
under different pressures for 1.00 m active zone depth. Increase of footing width results in
a slight increase in footing heave. The rate of increase of footing heave changes sharply at
certain footing width. The increase of footing width from 1.00 to 4.00 m (i.e. 300%) leads
to an 8% increase in footing heave. Furthermore, it is observed that the rate of change in
heave decreases with increase in footing width thus, the effect of footing width on footing

heave deceases with increasing of footing pressure.
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Figure (5.14): Effect of Footing width, B on Footing Heave
under 1.5 pF Soil Suction Change for 1.00m Seasonal Moisture Fluctuation Zone Depth
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Figure (5.15): Effect of Footing width, B on Footing Heave
under 1.5 pF Soil Suction Change for 2.00m Seasonal Moisture Fluctuation Zone Depth
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Figure (5.16): Effect of Footing width, B on Footing Heave
under 1.5 pF Soil Suction Change for 3.00m Seasonal Moisture Fluctuation Zone Depth

5.5.4.4 Effect of Footing Pressure, Ag

The effect of footing pressure on the heave of expansive soil resulting from soil suction
changes due to climate effect is investigated and presented in Figure (5.17). This figure,
presents the results for heave versus footing pressure for 1.0m footing depth and 1.00 m
seasonal moisture fluctuation zone depth. According to this figure, footing heave decreases
with increase of footing pressure. The slope of relationship decreases with increasing of
footing pressure. For example, the heave decreases by 6% when footing pressure increases
by 300% from 20 to 60 kPa.

The results indicate similar trends for footing heave versus footing pressure under
different soil suction change. In other words, heave decreases by almost 6% when footing
pressure increases from 20 to 60 kPa for suction soil change at ground surface by 1.0 or 1.2
or 1.5 pF.

Figure (5.18) presents the results for 1.0 m footing width and 3.0 m seasonal active
zone depth. Similar to Figure (5.17), it is noted that footing heave due to suction changes at
ground surface decreases with increasing of footing pressure. Comparison between the

results for 1.0 m and 3.0 m seasonal moisture fluctuation zone depth indicates that the
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effect of footing pressure on footing heave increases with increase of seasonal moisture

fluctuation zone depth.
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Figure (5.17): Effect of Footing Pressure, Ag on Footing Heave
for 1.00 m Footing Width and 1.00 m Seasonal Moisture Fluctuation Zone Depth
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Figure (5.18): Effect of Footing Pressure, Ag on Footing Heave
for 1.00 m Footing Width and 3.00 m Seasonal Moisture Fluctuation Zone Depth
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5.5.4.5 Summary

The parametric study to investigate the effects of soil suction changes due to climate on
footing heave show the importance of collecting data about the climate over the year and
measuring the depth of seasonal moisture fluctuation zone in several regions in Egypt to
estimate heave due to climate changes. Table (5.8) summarized the effect of climate

parameters on shallow foundations.

Table (5.8): Effect of Climate Parameters on Heave Shallow Foundation

Parameter Symbol Relation Change of Footing heave Significance
due to increase of the
parameter

Seasonal moisture

. Z; Li I High
fluctuation zone depth : meat fierease '€
Suction change at G.s. S Linear Increase High
Footing width B Non-Linear | Variable depending on Z; Low

Footing pressure Aqg Non-Linear Decrease Medium
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5.6 Lawn (Trees) Effect

Trees that are often planted in small landscape areas near buildings may impact their
performance. Shallow foundations may suffer distress due to shrinkage of the clays
resulting from moisture demand of trees. This is attributed to the fact that the roots of trees
extract water from the subsoils by suction which in turn extracts water from the soil

beyond the root system resulting in appreciable volume change especially in clayey soils.

5.6.1 Root Zone Depth, R;

Root zone depth is an important parameter for the consideration of drying effects caused
by trees. The root system of a tree can be grouped as either tap or lateral as shown in
Figure (5.19) (Mitchell, 1979). The vertical tap roots grow vertically downwards to
considerable depths (root zone depth) to convey water and trace elements from the soil at
depth, and to anchor the tree. Normally, it is considered that tap roots are confined to the
vicinity of the tree trunk itself, and are thought to have only an insignificant effect on the
tree surroundings. The laterals grow horizontally and parallel to the soil surface and form a
mat over a certain limited depth where microbiological processes are most active. These
lateral root systems extend a considerable distance from the trunk and extract moisture

from surrounding soils.
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Figure (5.19) Lateral and vertical extent of tree root system (Mitchell, 1979)

Root zone has been reported to reach a depth of 6.00 m (Biddle, 1983). A recorded
root fiber of 4.3m was reported by Lytton (1995) near a large oak tree in Texas during a
hot, dry summer. Normally, roots can fracture the soil approximately 0.6 m beyond or

deeper than the location of the root fiber.

Root zone depth located in shallow soils or those with root zone limiting conditions

can be much less. The root zone limiting conditions can be caused by soil texture and
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structure, such as fine textured soils with poor internal drainage characteristics and /or poor
structure or soils with dense, compact, or cemented sub-soils and layered or stratified soils
where abrupt, significant changes in soil texture may disrupt water movement in the
vicinity of the interface. Other factors like rock and water table whether static or

fluctuating can limit the depth of root zone.

Besides the soil structure, the irrigation system and the amount of rainfall can also
have an influence on root zone depth. The use of moisture measuring devices can help
define the root zone over the season by monitoring the soil water disappearance at soil

depths in and below the suspected root zone.

5.6.2 Planting Distance, D,

The influence of trees on expansive soils was investigated by several researchers. Ward
(1953) recommended safe planting distance of trees of height, H, from buildings a
distance, D;, away. He prescribed “proximity rule” of D;: H =1 to ensure buildings were

not damaged by the soil desiccation.

In Canada, Bozozuk (1962) demonstrated the decrease of drying settlements with
distance from a row of 17 m high elm trees. In the UK, in the mid 70’s, a severe drought
caused much shrinkage settlement and it was realized that a large proportion of the ground

movement under footings was related to the drying effects of trees.

Biddle (1983) conducted several studies of soil moisture deficits around specimens
of certain tree species in open grassland. Five different clay soil profiles were investigated
at three locations underlain by clay soils. Soil moisture was monitored with a down-hole
neutron moisture meter to a maximum depth of 4 m. Generally, it was seen that the lateral
extent of drying was contained within a radius equal to the height of the tree. However, the
depth and radius of drying, both horizontally and vertically, appeared to be species
dependent. Poplars caused drying to a radius of over 1.5 times the tree height and caused

the deepest drying close to the trees, probably to a depth in excess of 4 m.

In New Zealand, Wesseldine (1982) demonstrated the influence of the silver dollar
gum (E. cinerea) on houses. The research indicated a threshold value of Dy : H of 0.75 for
single trees to cause damage and 1.0 to 1.5 for groups of these trees. The extent of damage

was not mentioned in this research.
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In Texas, USA, Tucker and Poor (1978) investigated a housing estate, which was in
the process of being demolished because of the extent of damage to the houses (masonry
veneer walls on slabs). Tree species were mulberry, elm, cottonwood and willows.
Differential movements were measured and compared with D;, : H ratios. The results of the
study revealed an average background movement of approximately 50 mm due to trees,
which was apparent at D;: H ratios above two. The data strongly indicated that tree effects
were significant at D;: H values greater than one and smaller than two. Differential

movements in excess of 120 mm were observed where trees were close to the building.

5.6.3 Tree Water Demand, Q;

The term water demand may be defined as the amount of water required by a tree in order
to keep its metabolism functioning at optimum levels to meet its physiological
requirements. The water demand of individual trees is not known and is difficult to
measure. Attempts to do this using a combination of leaf area index and pan evaporation

rates have yielded some success although the methods need to be refined.

National House Building Council (NHBC, 1985) presented a table of relative water
demands and mature height of trees in that table, trees are ranked as high, moderate or low
in their demand for water. Yet there are no published scientific data on water demand of
mature trees to support such a classification. Perpich et al. (1965) proposed that the water
demand of trees ranges from 0.25 to 0.50 m’/day. Al-Shrief (1986) estimated the water
demand of some pieces of trees as shown in Table (5.9).

Table (5. 9) Water Demand of Planted Trees and Bamboo (Al-Shrief, 1986)

Species Water demand
Citrus tree 33.3 m’/tree/year
Palm tree 93 m’/tree/year
Olive tree 37 m’/tree/year

Bamboo 1.75 m*/m?/year

It must be remembered; however, that the amount of water taken up by the tree can
and will vary through the seasons and with changes in physiological activity. It is
important that the amount of moisture extracted from soil by trees is examined and
quantified separately from the other mechanisms by which moisture is lost to the soils, i.e.,

evaporation, surface run off, etc.
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5.6.4 Soil Suction Changes around Trees

Knowledge of the in situ soil suction changes around trees is essential to reliably estimate
the ground movement in expansive clay soils. Once the magnitude and pattern of the
ground movement is known, footings can be structurally designed to mitigate adverse

effects and to facilitate an acceptable performance of the structures they support.

Design soil suction changes due to tree are provided in the guidelines of the Footings
Group, (1996). These suction changes do not recognize either any influence from tree
species or the concept of wilting point. Furthermore, its major drawback is that it is based
on limited data and has yet to be tested rigorously. Cameron (2001) recommended a
suction profile that could be used to account for the influence of tree groups, as shown in

Figure (5.20)
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S: suction change at the ground surface;  Z;: depth of seasonal moisture fluctuation zone;
Auyee :design suction change due to tree;  Z;: depth of suction change due to tree

Figure (5. 20): Suction change profile for a group of trees for D;/H; < 0.6 (Cameron, 2001)

Post Tensioning Institute (PTI) (2005) recommends equilibrium suction values for
specific field conditions. When a shallow water table is present, the method recommends
using equilibrium suction equal to 2.0 pF. When large trees are evident at the site, the
equilibrium suction should be equal to 4.5 pF throughout the tree root zone. For the
scenario that the soil is cemented or known to have high osmotic suction, the equilibrium

suction value has to be determined experimentally.
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5.6.5 Results of Lawn Effect

The effect of lawn on the settlement of footing was investigated. The different parameters
that effect the settlement due lawn effect include root zone depth, R;, planting distance, D;,
and water demand, Q; were considered in analyses. The proposed values for these
parameters were assumed as shown in Figure (5.21) based on data presented in the

technical literature.

LAWN EFFECT

A 4

Initial Soil Suction
Hydrostatic with 150kPa (3.2pF) at G.S.

A 4

Distance of Footing, D,
1.0, 2.0, 4.0, 8.0, 10.0m

A 4

Root Zone Depth, R;
1.0, 2.0, 4.00, 6.00m

A

Tree Demand, O,
0.10, 0.20, 0.40, 0.60m’/day

Figure (5.21): Lawn Effect Study
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The effect of lawn on soil suction distribution was modeled using SEEP/W. The
initial soil suction profile was assumed to be hydrostatic with 150 kPa (3.2pF) which
simulate wet conditions. The final soil suction profiles due to different water demand for
2.0 m root zone depth are presented in Figures (5.22) to (5.24). While, the final soil suction
profiles due to 0.40 m’/day water demand for different root zone depth are presented in

Figures (5.25) to (5.27).

Based on results of seepage analysis, stress-deformation analyses were performed using
Modified CRISP to simulate the effect of lawn on soil volume change. Results of analysis
for the effect of lawn parameters such as, planting distance from footing edge, root zone
depth and tree demand on settlement of soil are presented in Tables (5.10) and (5.11).
Table (5.10) summarizes the results for settlement of edge point of footing near tree line
for different planting distance and root zone depth in case of 0;=0.10 and O;= 0.20 m*/day
tree water demand. Similarly, Table (5.11) summarizes the results for 0.40 and 0.60 m’/day

tree water demand.
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Figure (5.22): Final Soil Suction Distribution due to Lawn Effect
for 0.20m’ /day Tree Water Demand and 2.00m Root Zone Depth
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Figure (5.24): Final Soil Suction Distribution due to Lawn Effect

for O.60m3/day Tree Water Demand and 2.00m Root Zone Depth

o]
=]

S

S
w2
*‘é (l\; (\?9

S
/ N A
/ \AQ //
"7F’#4ﬂ////(///,,///’///////// 120 //’44444""7/‘44‘,,,,4.~’-*"’*"ﬂ'#"kﬂﬂl<ﬂql"#qﬂ
///-80//
g ]

0 5 10 15 20
Distance
Figure (5.25): Final Soil Suction Distribution due to Lawn Effect
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Figure (5.26): Final Soil Suction Distribution due to Lawn Effect
for 0.40m’/day Tree Water Demand and 4.00m Root Zone Depth
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Figure (5.27): Final Soil Suction Distribution due to Lawn Effect
for 0.40m’/day Tree Water Demand and 6.00m Root Zone Depth
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Table (5.10): Footing Settlement for 0.10 and 0.20 m*/day Tree Water Demand

Tree demand 0.10 m*/day 0.20 m*/day
Root zone
epth, (m)
Planting 1.00 | 2.00 | 4.00 | 6.00 | 1.00 | 2.00 | 4.00 | 6.00
Distance, (m)
1.00 18.37 11.9 10.81 9.46 28.89 | 23.06 | 21.06 | 18.57
2.00 17.64 | 10.91 10.03 8.84 26.47 21.2 19.58 | 17.39
4.00 12.99 8.74 8.16 7.28 21.35 | 17.11 16.02 | 14.39
8.00 8.06 5.39 5.08 4.58 13.36 | 10.07 9.8 9.11
10.00 6.37 4.25 4.01 3.63 10.57 8.43 7.95 7.22

Table (5.11): Footing Settlement for 0.40 and 0.60 m*/day Tree Water Demand

Tree demand 0.40 m*/day 0.60 m’/day

Root zone
epth, (m)

Planting 1.00 | 2.00 | 4.00 | 6.00 | 1.00 | 2.00 | 4.00 | 6.00

Distance, (m)

1.00 50.09 | 43.93 40.3 35.77 | 70.63 | 63.79 | 58.49 52.1

2.00 4591 | 40.51 | 37.59 | 33.57 | 64.56 | 58.81 54.6 48.95

4.00 37.25 | 3296 | 30.98 | 26.48 52.4 47.99 | 45.18 | 4091

8.00 23.61 | 20.85 | 19.69 | 17.88 | 33.49 | 30.65 | 28.98 26.4

10.00 18.76 | 16.55 | 15.64 | 14.23 | 26.71 | 2442 | 23.11 | 21.08
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5.6.5.1 Effect of Planting Distance from Footing Edge, D,

Figure (5.28) presents the effect of planting distance on soil settlement for 0.10 m*/day tree
water demand . According to Figure (5.28), it is evident that planting distance, Dy, has a
significant effect on the settlement of soil. The relationship between the planting distance
and soil settlement is nonlinear. In addition, increase of planting distance leads to decrease
of settlement. Settlement decreases by 26% when planting distance increases from 2.00 to

4.00m. The slope of relationship decreases with increasing of planting distance.

Also, for the same water demand, effect of planting distance decreases with
increasing of root zone depth. The average slope of relationship between settlement and

planting distance decreases by 26% when root zone depth increase from 1.00 m to 4.00 m

for Q. =0.10 m’/day.
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Figure (5.28): Effect of Planting Distance, D; on Footing Settlement
for 0.10m’/day Tree Water Demand

Figures from (5.29) to (5.30) present the effect of planting distance on settlement of
footing for 0.20, 0.40 and 0.60 m*/day tree water demand. For the same planting distance,
as the tree water demand increase, the settlement of footing significantly increases. Thus,
selection of safe planting distance to protect buildings of damage is highly depending on

tree water demand (i.e., tree species).
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Settlement, AS (mm)

307 I
0, = 0.40m’/day

40 4
) ~ s
ffffffffff \Q\\ | iy
20 - \ \\
S
" e . :

1 2 3 4 5 6 7 8 9
Planting Distance from Footing Edge, D ; (m)

Figure (5.29): Effect of Planting Distance, D; on Footing Settlement
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Figure (5.30): Effect of Planting Distance, D; on Footing Settlement

for 0.60 m*/day Tree Water Demand
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5.6.5.2 Effect of Root Zone Depth, R,
Figure (5.31) presents the effect of root zone depth, R;, on footing settlement for
0.10m’/day tree water demand. According to the results shown in this figure, footing
settlement decreases with increase of root zone depth. Also, the relationship between
footing settlement and root zone depth is nonlinear. Root zone depth has a significant
effect on settlement of soil when it is less than 2.00 m. For example, footing settlement
deceases by 35% when root zone depth increases from 1.0 to 2.0 m (i.e., 100%) for 0.10
m’/day tree water demand and 1.0 m planting distance. If root zone depth is greater than
2.00 m, it has limited effect on settlement. The effect of root zone depth on settlement
decreases with increasing of planting distance.

For large planting distance, the effect of root zone depth becomes negligible
especially, for root zone depth greater than 2.00 m. Therefore, it is important to identify the
limiting conditions of root zone depth which may caused by soil texture and structure

because this conditions may lead to higher effect of lawn on the buildings.
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Figure (5.31): Effect Root Zone Depth, R; on Footing Settlement
for 0.10 m*/day Tree Water Demand

Figures (5.32) and (5.33) present the effect root zone depth on settlement of footing
for 0.40 and 0.60 m’/day tree water demand. Based on these figures, it is apparent that for
the same tree water demand, settlement decreases as root zone depth increases. Also, effect

of root zone depth on footing settlement increases with increase of water demand.
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Figure (5.32): Effect Root Zone Depth, R;, on Footing Settlement

for 0.40 m*/day Tree Water Demand
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Figure (5.33): Effect Root Zone Depth, R;, on Footing Settlement

for 0.60 m*/day Tree Water Demand
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5.6.5.3 Effect of Tree Water Demand, Q;

Figures (5.34) and (5.35) present the effect of tree water demand on soil settlement for
different planting distances in case of 2.00 m and 3.00 m root zone depth; respectively.
Based on results shown in these figures, the relationship between tree water demand and
soil settlement is linear. Tree water demand, Q;, has a significant effect on settlement of
soil. Increase of tree water demand by 50% leads to increase of settlement by 45% for 1.00
m planting distance and 2.00 m root zone depth. However, it should be noted that the effect

of tree water demand on footing settlement decreases with increase of planting distance.

70 T ‘ T T T T
"R, =2.00m -~ - R b
604 | l l l l ,
R R R S R i
g ] o | A / ¢ DL=LO
‘g 40 ; ; ; \ ; ; m DL=2.0
= l l l / ‘ l A DL=4.0
g 30+ | | l ; l l —e—DL=8.0
> l l l | ‘ —%—DL=10.0
= l l l ! ‘
VR ‘ ‘ |
0] RN
0 | | |

0.00 0.10 0.20 0.30 0.40 0.50 0.60
Tree Demand, O, (m3/day)

Figure (5.34): Effect Tree Water Demand, O;, on Footing Settlement
for 2.00 m Root Zone Depth
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Figure (5.35): Effect Tree Water Demand, Q;, on Footing Settlement
for 2.00 m Root Zone Depth

5.6.5.4 Summary

The parametric study for the parameters of lawn effect on soil settlement shows the
importance of collecting data about the parameters of lawn especially the tree water
demand for different types of lawn or tree species. The effect of these parameters can be
taken into account during the design of light loaded structures and pavements. Also, the
study illustrates the high significance of selecting the safe planting distance to avoid the
damage from lawn on building foundations. Furthermore, the root zone depth has a
considerable effect especially for short root zone depth (i.e., limiting soil conditions).

Table (5.12) summarized the effect of lawn parameters on footing settlement.

Table (5.12): Effect of Lawn on Settlement of Shallow Foundation.

Parameter Symbol | Relationship | Change in footing settlement | Significance

due to increase of parameter

Planting distance Dy Non-linear Decrease High
Root zone Depth R; Non-linear Decrease Low
Tree water demand O Linear Increase High
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5.7 Infiltration Effect

Infiltration of water into ground leads to changes in soil suction. The reduction in soil
suction causes heave of soil and loss of soil shear strength. Sources of infiltrated water
include rainfall, watering of lawn and run water in open canals. Change in soil suction due
to infiltration depends on rate of infiltration, width of infiltration surface and distance of
infiltration from the building foundation. In this study, the uncoupled approach was used
to simulate footing heave due to infiltration process and its related parameters. The
research also considered the effect of shallow foundation dimensions and footing pressures
on footing heave. It is important to note that the study does not consider the effect of

infiltration on the shear strength of soil.

5.7.1 Infiltration Rate, ¢;

Water infiltration into the ground is controlled by the rate and duration of water
application. The rate of infiltration is affected by soil physical properties, slope, vegetation,
and surface roughness. Water can infiltrate into the soil as quickly as it is applied, and the
supply rate determines the infiltration rate. This type infiltration process has been termed
as supply controlled. However, once the infiltration rate exceeds the soil infiltrability, it is
the latter which determines the actual infiltration rate, and thus the process becomes profile
controlled. therefore, whenever water is ponded over the soil surface, the rate of water
application exceeds the soil infiltrability. On the other hand, if water is applied slowly, the
application rate may be smaller than the soil infiltrability (Hillel, 1982).

Generally, water infiltration has a high rate at the beginning, decreasing rapidly, and
then slowly until it approaches a constant rate. As shown in Figure (5.36), the infiltration
rate will eventually become steady and approach the value of the saturated hydraulic
conductivity, k. The initial soil water content and saturated hydraulic conductivity of the
soil media are the primary factors affecting the soil water infiltration process. The wetter
the soil initially, the lower will be the initial infiltrability (due to a smaller suction
gradient), and a constant infiltration rate will be attained more quickly. In general, the

higher the saturated hydraulic conductivity of the soil, the higher the infiltrability.

As might be expected, the slope of the land can also indirectly impact the infiltration
rate. Steep slopes will result in runoff, which will impact the amount of time the water will
be available for infiltration. In contrast, gentle slopes will have less of an impact on the

infiltration process due to decreased runoff.
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When compared to the bare soil surface, vegetation cover tends to increase
infiltration by retarding surface flow, allowing time for water infiltration. Plant roots may
also increase infiltration by increasing the hydraulic conductivity of the soil surface. Due to

these effects, infiltration may vary widely under different types of vegetation.

A

Rain or Sprinkling water intensity

Excess water
(Ponding or runoff)

Rate of infiltration

Y

Time
Figure (5.36): Decrease of Infiltration rate with time (Hillel, 1982).
Source of infiltrated water may be the rainfall or irrigation or any source of water.
Rainfall is considered one of the main sources especially in wet regions. The annual

rainfall in most parts of Egypt is less than 50 mm. Table (5.13) presents the average

rainfall in Egypt according to world climate site.

Table (5. 13): Average Rainfall in Egypt According to World Climate Site

Month | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Rainfall

40 | 40 | 30|10 20|05 (00]00) 05| 10]|30] 7.0
(mm)

5.7.2 Results of Infiltration Effect

The effect of infiltration on footing heave was investigated. The different parameters that
effect footing heave due to water infiltration such as infiltration rate, ¢;, infiltration width,
w;, and infiltration distance, D;, were considered in analyses. Figure (5.37) presents the
definition of these parameters and dimensions of finite element mesh used in the analysis.

The proposed values for these parameters were assumed as shown in Figure (5.38).

The effect of infiltration on soil suction change was modeled using seepage analysis.

The initial soil suction profile was assumed to be hydrostatic with 1500 kPa (4.2pF) which
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represent the wilting point of vegetation at ground surface which used to simulate dry
conditions. The final soil suction profiles in response to different infiltration rate for 3.00

m surface infiltration width are presented in Figures (5.39) to (5.41).

Based on these figures, it can be observed that infiltration results in decrease of soil
suction around the infiltration area. Soil suction changes increases due to increase of
infiltration rate. The change of soil suction extends to larger lateral dimensions with
increase of infiltration rate. The decrease of soil suction will lead to increase footing heave.

Footing heave was estimated using stress-deformation analysis with Modified CRISP.

Infiltration

' Footing
qi .<—B—> /

[T 77777772

Wi Di

10.00m

20.00m

A

Y.

Figure (5.37): Infiltration Parameters and Dimensions of Finite Element Model
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INFILTRATION EFFECT

A 4

Initial Soil Suction
Hydrostatic with 1500 kPa (4.2pF) at G.S. (Dry Condition)

A 4

Infiltration, g;
0.50, 2.00, 4.00 mm/day

A 4

Distance of Footing, D;
1.00, 2.00, 3.00m

A 4

Infiltration Width, w;
1.00, 2.00, 6.00m

Footing Width, B
1.0,2.0,4.0m

A 4

Footing Pressure, Ag
20, 40, 60, 100, 140kPa

Figure (5.38): Infiltration Effect Study
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Figure (5.39): Final Soil Suction Distribution due to 0.50mm/day Infiltration Rate
and 3.00 m Infiltration Width
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Figure (5.40): Final Soil Suction Distribution due to 1.00 mm/day Infiltration Rate
and 3.00 m Infiltration Width
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Figure (5.41): Final Soil Suction Distribution due to 2.00 mm/day Infiltration Rate
and 3.00 m Infiltration Width

Results of stress-deformation analyses for the effect of infiltration parameters such as
infiltration distance from footing edge, D;, width of surface infiltration, w;, and infiltration
rate, g;, on heave of shallow foundation are presented in the following tables. In addition,
the effect of footing width and footing pressures are presented in the results. Table (5.14)
summarizes the results of heave under different footing pressures, footing widths and
different infiltration distances in case of 0.50 mm/day infiltration rate. Similarly, Tables
(5.15) and (5.16) present the results for 1.00 mm/day and 6.00 mm/day infiltration rate;

respectively. Also, Table (5.17) presents footing heave for different infiltration rates.
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Table (5.14): Footing Heave for 1.00m Infiltration Width and 0.50mm/day Infiltration Rate

Footing
Width, B (m) 1.00 2.00 4.00
Infiltration
Distance,
B, (m)
) 1.00 | 2.00 | 4.00 1.00 2.00 4.00 1.00 | 2.00 | 4.00
Footing
Pressure,
Ag, (kPa)
0.0 7.79 | 7.15 5.93 7.79 7.15 5.93 7.79 7.15 5.93
20 7.6 6.96 5.76 7.58 6.95 5.75 7.58 6.95 5.75
40 7.5 6.87 5.68 7.46 6.83 5.64 7.45 6.82 5.63
60 7.43 6.8 5.61 7.38 6.75 5.57 7.36 6.72 5.55
100 7.33 6.7 5.52 7.27 6.64 5.46 7.22 6.6 5.43
140 7.26 | 6.63 5.46 7.18 6.55 5.39 7.13 6.51 5.34

Table (5.15): Footing Heave for 3.00m Infiltration Width and 1.00mm/day Infiltration Rate

Footing
Width, (m) 1.00 2.00 4.00
Infiltration
Distance,
. B i) 1.00 | 2.00 | 4.00 1.00 2.00 4.00 1.00 2.00 4.00
Footin
Pressure,
Aq, (kPa)
0.0 16.48 | 1443 | 10.65 | 16.48 | 1443 | 10.65 | 16.48 | 14.43 | 10.65
20 16.1 14.08 | 10.35 16.07 14.05 10.33 16.07 14.05 10.33
40 1591 | 13.89 | 10.2 15.83 | 13.82 | 10.14 | 15.82 | 13.81 | 10.13
60 15.76 | 13.76 | 10.08 15.67 13.67 10.01 15.63 13.63 9.98
100 15.57 | 13.57 9.93 15.44 13.45 9.83 15.38 13.38 9.77
140 1542 | 13.43 | 9.81 1527 | 13.29 | 9.69 15.18 | 13.21 9.63
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Table (5.16): Footing Heave for 6.00m Infiltration Width and 6.00mm/day Infiltration Rate

Footing
Width, (m) 1.00 2.00 4.00
Infiltration
Distance,
B, (m)
) 1.00 | 2.00 | 4.00 1.00 2.00 4.00 1.00 2.00 4.00
Footin
Pressure,
Aq, (kPa)
0.0 2552 [ 21.25 | 21.25 | 25.52 | 21.25 | 21.25 | 25.52 | 21.25 | 21.25
20 2491 20.7 20.7 24.86 | 20.65 | 20.65 | 24.86 | 20.65 | 20.65
40 2458 | 20.41 | 2041 | 2447 20.3 20.3 2445 | 20.29 | 20.29
60 24.32 20.2 20.2 24.21 20.07 | 20.07 | 24.15 | 20.02 | 20.02
100 24.03 | 19.91 | 1991 | 23.82 19.73 19.73 | 23.72 19.64 19.64
140 23.8 19.71 | 19.71 23.55 19.49 19.49 | 2342 19.38 19.38

Table (5.17): Footing Heave for 3.00m Infiltration Width and 2.00 m Footing Width

Infiltration

Rate, g, 1.00 2.00 4.00
(mm/day)

Infiltration

Distance,
. B, (m) 1.00 | 2.00 | 4.00 1.00 2.00 4.00 1.00 2.00 4.00

Footin

Pressure,

Aq, (kPa)
0.0 1648 | 14.43 | 10.65 70.29 | 58.49 | 38.47 | 217.79 | 153.52 | 87.23
20 16.1 14.08 | 10.35 68.62 56.98 3733 [ 211.28 | 148.96 | 84.24
40 15.91 13.89 10.2 67.65 56.1 36.66 | 204.64 | 146.15 | 82.54
60 15.76 | 13.76 | 10.08 66.99 55.5 36.21 | 199.09 | 144.15 | 81.36
100 15.57 | 13.57 9.93 66.05 54.65 35.56 | 190.44 | 141.24 | 79.71
140 1542 | 13.43 9.81 654 54.06 35.1 183.89 | 139.13 | 78.57
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5.7.2.1 Effect of Infiltration Distance from Footing Edge, D;

A parametric study for the effect of infiltration distance from footing edge on footing
heave is performed. Figure (5.42) presents graphically the relationship between heave of
edge point of footing near infiltration area and infiltration distance under zero pressure.
Heave linearly decreases with increase of infiltration distance. The distance of infiltration
has a moderate effect on footing heave. The heave decreases by 8% with increase of
infiltration distance by 100%.

Similarly, Figures (5.43) and (5.44) present the effect of infiltration distance on
footing heave under 20kPa and 100kPa footing pressure respectively. The relationship
between heave and infiltration distance is linear. According to Figures (5.43) and (5.44),
the effect of footing pressure and footing width is considered negligible. Furthermore,
study illustrates the high significance of increasing infiltration distance from footing to
avoid the intolerable heave of foundation. The increasing of infiltration distance may by
performed using impermeable platform around the buildings. Also, horizontal barriers

around the buildings have a significant effect on reducing footing heave.

109 o
Aq = 0.0kPa
q= 0.50mm/day

21 w =1.00m

Heave, AH (mm)

1.00 1.50 2.00 2.50 3.00 3.50 4.00
Distance from Footing Edge to Infiltration, D ; (m)

Figure (5.42): Effect of Infiltration Distance, D; on Footing Heave
under Zero footing Pressure, 0.50mm/day Infiltration Rate and 1.00m Infiltration Width
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Figure (5.43): Effect of Infiltration Distance, D; on Footing Heave
under 20kPa footing Pressure, 0.50mm/day Infiltration Rate and 1.00m Infiltration Width
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Figure (5.44): Effect of Infiltration Distance, D; on Footing Heave
under 100kPa footing Pressure, 0.50mm/day Infiltration Rate and 1.00m Infiltration Width
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5.7.2.2 Effect of Infiltration Width, w;

The effect of infiltration width on the footing heave is studied to asses its significance on
the foundation heave. Figure (5.45) presents the relationship between heave of edge point
of footing adjacent to the infiltration area and infiltration width for different infiltration
distance in case of zero footing pressure and 0.50 mm/day infiltration rate. The heave
increases nonlinearly with increasing of infiltration width. Footing heave increases by
100% when infiltration width increases from 1.0 to 3.0 m (i.e., by 200%) for 0.50mm/day
tree water demand and 1.0 m infiltration distance. The slope of relationship decreases with
increasing of infiltration distance. The effect of infiltration width is more significant for
smaller infiltration distance. Figure (5.46) presents the relationship between heave of
footing edge and infiltration width for different infiltration distance, 2.00m footing width,
60 kPa footing pressure, and 0.50 mm/day infiltration rate. Based on results shown in
Figure (5.46), it is noted that footing heave slightly decreases with increase of footing

pressure.

Aq=0.0 kPa
__. ¢~ 0.50mm/day

28 T T T T
ST 1 1 1
,,,,,
El 1 1 _—
é | | / | Di=1.0
| | | | | * Di=1.

3 - ® Di=2.0
g ! ! ! A Di=4.0
> | | | |
E | : : —

i

1.00 2.00 3.00 4.00 5.00 6.00
Width of Surface Infiltration, w; (m)

Figure (5.45): Effect of Infiltration Width, w; on Footing Heave
under Zero footing Pressure, 0.50 mm/day Infiltration Rate
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Figure (5.46): Effect of Infiltration Width, w; on Footing Heave
under 100kPa footing Pressure, 0.50mm/day Infiltration Rate and 2.00m footing Width

5.7.2.3 Infiltration Rate Effect, ¢;

Infiltration rate is considered one of the most important parameters of infiltration process.
The effect of infiltration rate on the heave of footing has been modeled using the modified
CRISP to investigate the significance of its effect. Figure (5.47) and Figure (5.48) present
the relationship between the heave of footing edge adjacent to the infiltration area and
infiltration rate for 2.00m footing width, 3.00m infiltration width, and 60 and 100 kPa
footing pressure; respectively. Based on these figures, it is apparent that heave increases
nonlinearly with increase of infiltration rate. The relationship curves showed very steep
slope indicating that, infiltration rate is a highly significant parameter. In other words, the
heave increases by 85% when rate of infiltration increases from 2.00 to 3.00 mm/day (i.e.,

increase by 50%).
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Figure (5.47): Effect of Infiltration Rate, ¢; on Footing Heave
under 60kPa footing Pressure, 3.00m Infiltration Width and 2.00m footing Width
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Figure (5.48): Effect of Infiltration Rate, ¢; on Footing Heave
under 60kPa footing Pressure, 3.00m Infiltration Width and 2.00m footing Width
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5.7.2.4 Summary

The parametric study for the effect of infiltration parameters on footing heave indicates the
importance of infiltration rate which depend on rainfall rate and soil properties.
Consequently, the effect of infiltration rate should be taken into account during the design
of light loaded structures and pavements. Also, the study illustrates the high significance of
infiltration distance and width to avoid the building damage due to heave. The infiltration
around building may be decreased by decreasing infiltration width and decreasing
infiltration distance which, may performed through reduction of planting areas and using
horizontal barrier. Also the permeability of top layer of soil may be decreased using soil
improvement techniques to decrease infiltration and increase water runoff. Table (5.18)

summarized the effect of infiltration parameters on heave of shallow foundation.

Table (5.18): Effect of Water Infiltration Parameters on Heave of Shallow Foundation

Parameter Symbol Relation | Change in footing heave due to | Significance
increase of parameter

Infiltration distance D, Non-linear Decrease High
Infiltration Width w; Non-linear Increase High
Infiltration rate qi Linear Increase Very High
Footing width B Non-Linear Decrease Insignificant

Footing pressure Ag Non-Linear Decrease Insignificant
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5.8 Pipe Leakage Effect

Leaks in sewer or water lines into expansive soils provide localized source of water result
in localized heave of foundation that may lead to differential movement between footings.
If water or sewage pipes break, then the resultant leaking moisture could exacerbate
swelling damage to nearby structures. Rogers et al. (1993) reported that shallow pipes,
especially plastic pipes, buried in the zone of seasonal moisture fluctuation, were exposed
to enormous stresses by shrinking soils. Stresses from soil shrinking caused small cracks of
pipes and leak of water through these cracks. Consequently, localized heaving near the
leak due to change of soil moisture led to structural damage to nearby light structures such
as cracks, floor humps, and movement of foundation. Pryke (1975) reported that for a site
leak near light structures, particularly near foundations, heave was severe especially during

rainy seasons.

A two-dimensional finite element model experimented by Li (2006) indicated that a
leaking underground water pipe could cause more severe distortion of the footing than the
seasonal climate changes. It also showed that a water pipe leaking directly beneath the
footing could cause a much larger distortion in the foundation than if it had leaked outside

of the footing (L1, 2006).

Using numerical modeling, Sorochan and Kim (1994) showed that wetting of
expansive soil creates vertical and horizontal stresses that can ultimately crack objects
enclosed in the soil. Moreover, the lateral pressure component associated with swelling
increases with increase of vertical load. The load prevents loosening of the soil, leading to
a stress increase in the backfill around the structure. This is especially true for water and
sewage lines, where even minor damage can create leaks, once a leak occurs; the water
saturates the soil next to the leak, compounding the problem by causing continued

expansion.

5.8.1 Results of Pipe Leakage Effect

The effect of different pipe leakage parameters on footing heave was studied. The different
parameters that effect footing heave due pipe leakage include depth of leaking pipe below
foundation level, Dp, and distance of leaking pipe from footing edge, Lp. Footing width, B,
and footing pressures, Ag, were also considered in these analyses. Figure (5.49) presents
the definition of these parameters and dimensions of finite element mesh used in the

analysis. The proposed values for these parameters are provided as shown in Figure (5.50).
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The depth and distance of the leaking pipe with respect to foundation are selected

according to the usual practice in Egypt.

Dp

10.00m

Leaking Pipe

20.00m '

‘€
<

Figure (5.49): Parameters of Pipe Leakage and Dimensions of Finite Element Mesh

The effect of pipe leakage on soil suction change was modeled using seepage
analysis. The leaking pipe is simulated in seepage analysis by applying zero-pressure head
on nodes of finite element grid defining the boundaries of the pipe. The zero-pressure head
is applied at all nodes at 1m distance from the pipe center line. The initial soil suction
profile was assumed to be hydrostatic with 1500kPa (4.2pF) which represents wilting point
of vegetation at ground surface and simulates dry conditions. Pipe leakage results in a
decrease of soil suction around the leaking pipe. The final soil suction profiles estimated
using SEEP/W for different pipe depths and for 4.00 m pipe distance from footing edge are
presented in Figures (5.51) to (5.53). Footing heave was estimated using stress-
deformation analysis with Modified CRISP.

Results of analysis for the effect of pipe leakage parameters such as, depth of leaking
pipe below foundation level and distance of pipe from footing edge on the heave of
shallow foundation are presented in Tables from (5.19) to (5.21). Furthermore, the effect of
footing width and footing pressures are included in the tables. Table (5.19) presents the
expected footing heave for different footing pressures, footing widths, and different pipe
distances and for 1.00m depth of leaking pipe below foundation level. Similarly, Tables
(5.20) and (5.21) presented the expected footing heave for 4.00m and 6.00m depth of

leaking pipe; respectively.
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PIPE LEAKAGE EFFECT

A 4

Initial Soil Suction

Hydrostatic with 4.2pF suction at G.S

Distance of Footing, Lp
2.0,4.0, 6.0m

A4
Pipe Depth, Dp
1.0, 4.0, 6.0m

Footing Width, B
1.0, 2.0, 4.0m

Footing Pressure, Ag
0.0, 20, 40, 60, 100, 140kPa

Figure (5.50): Pipe Leakage Effect Study
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Figure (5.51): Final Soil Suction Profile for 1.00 m Depth Leaking Pipe

10
9
8
7
—_
£ o
A
g 5 0—
§4 -20
3 -40
-60
2 -80
| -100
-120
P 22 N I [ [ et S N N NN
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Distance (m)
Figure (5.52): Final Soil Suction Profile for 4.00 m Depth Leaking Pipe
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Table (5.19): Footing Heave for 1.00m Depth of Leaking Pipe

Footing 1.00 2.00 4.00
Width, (m)
Pipe
Distance
D> (m)
200 | 400 | 6.00 | 2.00 | 4.00 | 6.00 | 2.00 | 4.00 | 6.00
Footing
Pressure,
Aq, (kPa)
0.0 143.76 | 97.33 | 69.07 | 143.76 | 97.33 | 69.07 | 143.76 | 97.33 | 69.07
20 140.85 | 94.55 | 66.55 | 14049 | 94.33 | 66.33 | 140.45 | 94.35 | 66.23
40 139.14 | 93.04 | 65.16 | 13842 | 92.55 | 64.62 | 138.1 | 92.37 | 64.16
60 13791 | 91.99 | 64.17 | 1369 | 91.31 | 63.42 | 13633 | 90.92 | 62.47
100 136.07 | 90.49 | 62.75 | 134.64 | 89.52 | 61.66 | 133.71 | 88.81 | 60.21
140 134.67 | 89.41 | 61.71 | 13296 | 88.26 | 60.38 | 131.7 | 87.29 | 58.44
Table (5.20): Footing Heave for 4.00m Depth of Leaking Pipe
Footing 1.00 2.00 4.00
Width, (m)
Pipe
Distance
D> (m)
200 | 400 | 6.00 | 2.00 | 4.00 | 6.00 | 2.00 | 4.00 | 6.00
Footing
Pressure,
Aq, (kPa)
0.0 167.31 | 130.27 97 167.31 | 130.27 97 167.31 | 130.27 97
20 166.55 | 127.86 | 94.13 | 16592 | 127.41 | 93.72 | 165.47 | 127.17 | 93.44
40 165.74 | 126.42 | 92.47 | 164.55 | 125.51 | 91.62 | 163.53 | 124.83 | 90.74
60 165.01 | 125.36 | 91.26 | 163.34 | 124.09 | 90.05 | 161.85 | 122.99 | 88.61
100 163.66 | 123.74 | 89.47 | 161.25 | 121.91 | 87.71 | 159.04 | 120.17 | 85.29
140 162.46 | 122.48 | 88.11 159.5 | 120.26 | 85.93 156.7 118 82.75
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Table (5.21): Footing Heave for 6.00m Depth of Leaking Pipe

Footing 1.00 2.00 4.00
Width, (m)
Pipe
Distance
D> (m)
2.00 4.00 6.00 2.00 4.00 6.00 2.00 4.00 6.00
Footing
Pressure,
Ag, (kPa)
0.0 14343 | 12044 | 94.95 | 143.43 | 120.44 | 9495 | 143.43 | 120.44 | 94.95
20 143.56 | 11897 | 92.63 | 143.12 | 118.55 | 92.21 | 142.71 | 11826 | 91.89
40 14333 | 118.03 | 91.26 | 142,51 | 117.1 | 90.41 | 141.64 | 116.43 | 89.45
60 143.04 | 117.31 | 90.25 | 141.89 116 89.04 | 140.62 | 11494 | 87.48
100 142.41 | 116.17 | 88.73 140.7 | 11422 | 8693 | 138.79 | 112.56 | 84.36
140 141.78 | 115.24 | 87.55 | 139.62 | 112.8 85.29 137.2 | 110.67 | 81.91

5.8.2 Analysis of Results Pipe Leakage Effect

The effect of each parameter associated with pipe leakage is studied and analyzed to
estimate its significance on footing heave. The relationships between footing heave and

pipe leakage parameters are presented graphically to predict its order of magnitude.

In general, the results indicate that the distance of leaking pipe from footing edge, Lp
and depth of leaking pipe below foundation level, Dp, have a significant effect on the
footing heave. However, the footing width and footing pressures have insignificant effect

on footing heave. Detailed analyses of pipe leakage parameters are presented herein.
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5.8.1.1 Effect of Depth of Leaking Pipe below Foundation Level, Dp

Figure (5.54) illustrates the variations of footing heave with depth of leaking pipe below
foundation level. As shown in Figure (5.54), increase of leaking pipe depth results in
increase of heave to a maximum value, after which, further increase in leaking pipe depth
results in decrease in footing heave. In other words, there is a critical pipe depth at which
the heave is expected to be maximum. Thus, the selected in-situ depth of pipe should be
selected shallower or deeper than the critical depth. It is also noted that the critical depth
depends on the distance of leaking pipe from the footing. Increase of leaking pipe distance
leads to higher critical depth as shown in Figure (5.54). Furthermore, increase of leaking
pipe distance increases the effect of pipe depth. For example, footing heave increases by
30% when pipe depth increase from 1.00 to 3.00m for 4.00 pipe distance where it increases

by 16% for 2.00 pipe distance.
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Figure (5.54): Effect of Leaking Pipe Depth, Dp on Footing Heave
under Zero Applied Pressures
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Figures (5.55) and (5.56) illustrate the effect of leaking pipe depth on footing edge
heave under 60 and 100 kPa footing pressures; respectively and for 2.00 m footing width.
According to these figures, it is observed that the relationship between the leaking pipe
depth and footing heave is similar to that shown in Figure (5.54) for zero footing pressure.
The relationships indicate that there is a critical soil depth where heave is maximum,;
however, the critical depth is independent from footing pressure. Increase of footing
pressure has insignificant effect on heave change due to pipe depth change. For example,
footing heave increase by the same percent (30%) for zero and 60 kPa footing pressure for

4.00m leaking pipe distance when leaking pipe depth changes from 1.00 to 3.00 m.
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Figure (5.55): Effect of Leaking Pipe Depth, Dp on Footing Heave
under 60 kPa Footing Pressure for 2.0 m Footing Width
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Heave, AH (mm)
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Figure (5.56): Effect of Leaking Pipe Depth, Dp on Footing Heave
under 100 kPa Footing Pressure for 2.0m Footing Width
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5.8.2.2 Effect of Distance of Leaking Pipe from Footing Edge, Lp

Figure (5.57) presents the effect leaking pipe distance from footing edge on footing edge
heave under zero footing pressure. According to the results shown in this figure, distance
of leaking pipe has a significant effect on footing heave. Increase in leaking pipe distance
by 33% (from 3.00 to 4.00 m) leads to decrease of footing heave by 18%. Furthermore, the

relationship between distance of leaking pipe form footing and footing heave is linear.

Under different footing pressures, Figure (5.58) and (5.59) presents the effect of
leaking pipe distance on footing heave for 60 and 100kPa footing pressure; respectively.
Also, the relationship between leaking pipe distance form footing and footing edge heave

is linear under different footing pressures.
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Figure (5.57): Effect of Leaking Pipe Distance, Lp on Footing Edge Heave
under Zero Applied Pressure
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5.8.2.3 Effect of Footing Width, B

Figure (5.60) presents the effect of footing width on footing heave due to pipe leakage
under different pressures for 1.00 m pipe depth and 2.00 m pipe distance. It is observed
that, the effect of footing width on heave is insignificant. For example, the increase of
footing width from 1.00 to 4.00 m (i.e. 300%) leads to 2% heave decrease under 140 kPa
footing pressure. Furthermore, the effect of footing width on footing heave deceases with

increasing of footing pressure.
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Figure (5.60): Effect of Footing width, B on Footing Edge Heave
for 2.0m Pipe Distance and 1.00m Pipe Depth
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5.8.2.4 Effect of Footing Pressure, Aq

The effect of footing pressure on the footing heave is studied and presented graphically.
Figure (5.61) presents the results for heave versus footing pressure for 1.0m leaking pipe
depth and 2.00m leaking pipe distance. According to this figure, footing heave decreases
with increase of footing pressure. For example, heave decreases by 1% when pressure
increases by 50% (from 40 to 60 kPa). Results indicate that footing pressure has
insignificant effect on footing heave.

Figures (5.62) and (5.63) present the results for 4.0m and 6.0m pipe distance
respectively, for 1.00m footing width. Also, results indicate that the footing pressure has

insignificant effect on footing heave.
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Figure (5.61): Effect of Footing Pressure, Ag on Footing Edge Heave
for 1.00 m Pipe depth and 2.00 m Pipe Distance
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5.8.2.5 Summary

The parametric study for the parameters associated with pipe leakage conditions and
shallow foundation dimension and loading shows that there is critical depth of leaking pipe
at which heave is maximum. Furthermore, the distance leaking pipe from footing edge has
a considerable effect in footing. However, footing pressure and footing width have
negligible effects on footing heave due to high suction changes from leaking pipes. Table

(5.22) summarized the effect of pipe leakage parameters on shallow foundations.

Table (5.22): Effect of Pipe Leakage on Heave of Shallow Foundations.

Parameter Symbol Relation Change of heave due to Significance
increase of the parameter

Leaking Pipe Depth Dp Non-linear Increase/Decrease High

Leaking Pipe Distance Lp Linear Decrease High

Footing Width B Non-linear Decrease Insignificant

Footing Pressure Ag Non-linear Decrease Insignificant
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CHAPTER (6)
SAND CUSHION EFFECT

6.1 Introduction

Removal and replacement of expansive soils with non-expansive soils is one the most
popular methods to minimize the effect of heave on foundations. Zeitlen (1969), Snethen et
al (1979), Chen (1988) and Satyanarayana (1969) have suggested the full removal of
expansive soil in case of shallow thickness or partially when it extends to considerable

depth to counteract the anticipated heave with an applied load.

Satyanarayana (1969), further reported that pressure under footing due to swelling of
clay varies inversely as the thickness of the sand layer and directly as its density.
Therefore, generally, sand cushions are formed in their loosest possible state without,

however, violating the bearing capacity criterion (Satyanarayana, 1969).

Although soil replacement is considered the most economic solution for expansive
soils, there are some disadvantages associated with soil replacement. The main
disadvantages are that the required thickness of soil replacement may be too great to be
practical. In addition, the high permeability of sand creates conditions conducive to easy
entry and accumulation of water from surface runoff thus; granular fill may serve as a

source of water to sub-grade soils.

Nelson and Miller (1992) stated that the depth to which non-expansive backfill
should be placed is governed by the weight necessary to restrain the expected uplift
pressures and the ability of the backfill to mitigate differential displacements. There are no
definitive guidelines, for depth of sand cushion, have been developed. Most of the
foundation engineers often suggest some arbitrary thickness for the sand cushion without
consideration to the depth of the zone of potential volume change which itself is difficult to
determine (Nelson and Miller, 1992). Chen (1988) recommends a minimum of 1.00 to 1.30

m for thickness of soil replacement

In this research, a parametric study for the effect of sand cushion on soil settlement
and soil heave was performed using the modified CRISP. Regina clay properties were used
in this study as presented in the previous chapter. The study was performed under the

effect of climate conditions with 3.00 m seasonal moisture fluctuation zone depth and
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1.50pF soil suction change at ground surface. Parametric study included the effect of
different sand cushion parameters such as; depth, lateral extension, and relative density of
sand cushion as shown in (6.1). Illustration of different parameters considered in

parametric study is shown in Figure (6.2).
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Figure (6.1): Dimensions and Parameters for Sand Cushion Effect
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SAND CUSHION EFFECT
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Figure (6.2): Sand Cushion Effect Study
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6.2 Effect of Sand Cushion Depth, H,

As shown in Figure (6.2), the depth of cushion, the depth of cushion was selected to range
between 0.50 m and 2.00 m. The lateral extension of sand cushion is assumed to be 10.0 m
which represents infinity lateral extension where further increase has insignificant effect

(end of model boundary).

The modulus of elasticity of sand cushion used in this analysis equals 50 MPa to
simulate medium dense sand. The sand is modeled in analysis using the linear elastic

model with Poisson's ratio equals to 0.30.

The loading are applied in two stages. The footing pressure was applied in first stage
and soil suction change was applied in the second stage. In second stage, final soil suction
Is assumed to be hydrostatic with soil suction value of 3.2 pF (150kPa) at ground surface
which simulates wet conditions in winter. At the end of the first stage, settlement, AS, is
estimated due to applying footing pressure. At the end of the second stage, soil heave, AH,
Is estimated due to decrease in soil suction. The results of analysis are summarized in
Table (6.1) for 1.00m footing width for different sand cushion depth. The reported results
are predicted at the mid point of footing width.

Table (6.1): Footing Displacements for Different Sand Cushion Depth
for 1.00m Footing Width

Load H,=0.50m H,=1.00m H,=1.50m H,=2.0m
(kPa) | As AH AS AH AS AH AS AH
0.0 0.00 103.49 0.00 77.22 0.00 52.34 0.00 29.75
20 -10.63 101.33 -6.43 76.22 -4.01 51.93 -3.55 29.52
40 -20.23 99.46 -12.59 75.25 -7.93 51.5 -7.04 29.26
60 -29.95 97.85 -18.53 74.27 -11.78 51.06 -10.48 28.99
100 -45.3 95.17 -29.82 72.44 -19.27 50.17 -17.22 28.43
140 -59.95 92.92 -40.47 70.67 -26.49 49.22 -23.79 27.89

(Note: -ve values represent settlement and +ve values represent heave)

The results of analysis are introduced in Figures (6.3) and (6.4) for 1.00m footing
width. Figure (6.3) presents the settlement due to applying footing pressure before

applying soil suction. Figure (6.4) presents soil heave due to decrease in soil suction.
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Figure (6.3): Effect of Thickness of Sand Cushion on Footing Settlement
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Figure (6.4): Effect of Thickness of Sand Cushion on Footing Heave
(1.00 m Footing Width and 10.0 m Lateral Extension of Replacement)
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Similarly, the results of analysis are illustrated in Table (6.2) for 2.00 m footing
width for different sand cushion depth. Graphical presentation for results is introduced in
Figure (6.5) and Figure (6.6).

Table (6.2): Footing Displacements for Different Sand Cushion Depth
for 2.00m Footing Width

Load Hr =0.50m Hr =1.00m Hr =1.50m Hr =2.0m

(kPa) AS AH AS AH AS AH AS AH

0.0 0.00 103.67 0.00 77.21 0.00 52.34 0.00 29.75

20 -18.81 100.12 | -11.34 75.52 -7.94 51.5 -3.55 29.52

40 -35.11 97.17 -21.95 73.91 -15.57 50.61 -7.04 29.26

60 -49.78 94.65 -31.96 72.34 -22.93 49.69 -10.48 28.99

100 -72.83 89.87 -50.59 69.09 -36.96 47.75 -17.22 28.43

140 -08.82 85.49 -67.73 66.02 -50.19 45.96 -23.79 27.89

(Note: -ve values represent settlement and +ve values represent heave)
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Figure (6.5): Effect of Thickness of Sand Cushion on Footing Settlement
(2.00 m Footing Width and 10.00 m Lateral Extension of Replacement)
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Figure (6.6): Effect of Thickness of Sand Cushion on Footing Heave
(2.00 m Footing Width and 10.00 m Lateral Extension of Replacement)

From the previous results for sand cushion with different depths, it is clear that the
sand cushion depth has a significant effect on decreasing soil heave and soil settlement.
The relationship between soil heave and depth of sand cushion is linear, where; the
relationship between soil settlement and depth of sand cushion is non-linear. Increase
replacement depth causes decrease in depth of seasonal moisture fluctuation zone thus,
footing heave decreases. Heave decreases by 21% when using 0.50 m depth sand cushion
and by 41% when using 1.00 m depth sand cushion for 1.00 m footing depth under zero

footing pressure.

From Figures (6.6) and (6.4), it is apparent that, footing width has insignificant effect
on the heave of footing especially when using sand cushion. Also, the slope of relationship
between soil heave and depth of sand cushion decreases with increasing of footing
pressure, thus the effect of sand cushion depth on footing heave decreases with increase of
footing pressure as shown in Figure (6.4) and Figure (6.6). However, the effect of footing

pressure on the footing heave is generally insignificant.

163



CH. (6): Sand Cushion Effect

6.3 Effect of Lateral Extension of Sand Cushion, L,

Parametric study for the effect of lateral extension of sand cushion on the heave of footings
was performed. Depth of sand cushion is selected equal to 0.50, 1.00 and 2.00 m. Footing
with 1.00 m width was considered in this analysis. The lateral extension of sand cushion is
assumed to vary from 1.00m to 10.00 m (end of model boundary). Sand is modeled using
linear elastic soil model. In this analysis, modulus of elasticity of sand cushion is assumed
equal 50MPa to simulate medium dense sand and its Poisson's ratio is considered equal to
0.30.

The results for lateral extension effect are presented in Table (6.3) for 0.50m depth
sand cushion and different footing width. Similarly, results of analysis for lateral extension
effect for 1.00m and 2.00m sand cushion depth are presented in Tables (6.4) and (6.5)
respectively. Figures (6.7), (6.9) and (6.11) illustrate the effect of lateral extension on
footing settlement for 0.50, 1.00 and 2.00 m sand cushion depth; respectively. Similarly,
Figures (6.8), (6.10) and (6.12) present the effect of lateral extension on footing heave for
0.50, 1.00 and 2.00 m sand cushion depth; respectively.

The lateral extension of sand cushion has a significant effect on the settlement of
footing. For 1.00 m sand cushion depth and under 20 kPa footing pressure, the settlement
of footing decreases by about 36.5% when lateral extension increases from zero to 1.00 m
as shown in Figure (6.9). If the lateral extension is greater than two times the depth of sand
cushion, further decrease of settlement will be noted. Therefore, increasing lateral

extension more than twice the depth of sand cushion is not recommend.

The effect of lateral extension on footing settlement decreases with increase of sand
cushion depth. For 2.00 m depth sand cushion, the decease in settlement is about 17.5%
(compared to 36.5% for 1.00 m sand cushion depth) when lateral extension increases from

zero to 1.00 m under 20 kPa footing pressure as shown in Figure (6.11).

The effect of lateral extension slightly decreases with increase of footing pressure.
For example, for 1.00m sand cushion depth, the decrease in settlement is 36.5% under
20kPa, while, the decrease is 32% under 100 kPa for increase of lateral extension from

zero to 1.00 m for 1.00 m footing width as shown in Figure (6.9).
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Table (6.3): Footing Displacement for Different Lateral Extensions of Sand Cushion

(0.50 m Depth Sand Cushion and 1.00 m Footing Width)

Lateral 17 —ooom | z,=t.0om | z,=200m | z.=300m | z,=10.0m
Extension
Load
(kPa) AS | AH | AS | AH | AS | AH | AS | AH | AS | AH
0.0 0.00 | 106.9 | 0.00 | 10437 | 0.00 | 10354 | 0.00 | 103.49 | 0.00 | 103.49
20 -15.24 | 104.04 | -10.98 | 102.09 | -10.85 | 101.33 | -10.63 | 101.33 | -10.63 | 101.33
40 -27.99 | 102.18 | -20.85 | 100.22 | -20.62 | 99.46 | -20.23 | 99.46 | -20.23 | 99.46
60 -39.29 | 100.77 | -29.94 | 98.62 | -29.64 | 97.85 | -29.95 | 97.85 | -29.95 | 97.85
100 -59.18 | 9856 | -46.44 | 96 | -46.02 | 95.17 | -453 | 9517 | -453 | 95.17
140 -76.69 | 96.44 | -61.32 | 93.82 | -60.81 | 92.92 | -59.95 | 92.92 | -59.95 | 92.92
(Note: -ve values represent settlement and +ve values represent heave)
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Figure (6.7): Footing Settlement for Different Lateral Extensions
(0.50 m Depth Sand Cushion and 1.00 m Footing Width)
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Figure (6.8): Footing Heave for Different Lateral Extensions
(0.50m Depth Sand Cushion and 1.00m Footing Width)

Table (6.4): Footing Displacement for Different Lateral Extensions of Sand Cushion
(1.00m Depth Sand Cushion and 1.00m Footing Width)

Lateral
atera L, =0.0m L,=1.00m | L.,=2.00m | L,=3.00m | Z,=10.0m
Extension

Load

(Pa) AS | Aar | as | ag | as | am | As | AH | As | aH
0.0 0.00 86.41 0.00 81.15 0.00 78.64 0.00 77.39 0.00 77.22
20 -11.26 84.54 -7.15 79.79 -6.7 77.49 -6.66 76.29 -6.43 76.22
40 -21.4 83.16 -13.92 78.58 -13.1 76.4 -13.02 75.25 -12.59 75.25
60 -30.74 82.05 -20.37 77.48 -19.24 75.38 -19.14 74.27 -18.53 74.27
100 -47.69 80.17 -32.49 75.51 -30.9 73.51 -30.75 72.44 -29.82 72.44
140 -63.00 78.34 -43.79 73.67 -41.86 71.74 -41.66 70.67 -40.47 70.67

(Note: -ve values represent settlement and +ve values represent heave)
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Figure (6.9): Footing Settlement for Different Lateral Extensions
(1.00m Depth Sand Cushion and 1.00m Footing Width)
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Figure (6.10): Footing Heave for Different Lateral Extensions
(1.00 m Depth Sand Cushion and 1.00 m Footing Width)
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Table (6.5): Footing Displacement for Different Lateral Extensions of Sand Cushion
(2.00m Depth Sand Cushion and 1.00m Footing Width)

Ei;?;ﬁ;?clm L,=0.0m L,=1.00m L,.=2.00m L,=3.00m L,=10.0m
Load

(kPa) AS AH AS AH AS AH AS AH AS AH

0.0 000 | 5375 | 000 | 4276 | 0.00 | 38.03 | 0.00 | 3221 | 0.00 | 29.75

20 -760 | 5319 | -6.28 | 41.74 | -3.93 | 3761 | -3.69 | 31.91 | -355 | 29.52

40 -14.84 | 52.75 | -13.74 | 4124 | -7.78 | 3719 | -7.33 | 3159 | -7.04 | 29.26

60 -21.78 | 52.37 | -22.34 | 40.24 | -1157 | 36.76 | -10.9 | 31.25 | -10.48 | 28.99

100 -34.92 | 51.66 | -30.56 | 39.32 | -18.93 | 35.89 | -17.9 | 30.58 | -17.22 | 28.43

140 -47.23 | 51.13 | -30.56 | 39.32 | -26.06 | 35.06 | -24.7 | 29.95 | -23.79 | 27.89

(Note: -ve values represent settlement and +ve values represent heave)
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Figure (6.11): Footing Settlement for Different Lateral Extensions
(2.00 m Depth Sand Cushion and 1.00 m Footing Width)
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Figure (6.12): Footing Heave for Different Lateral Extension of Sand Cushion
(2.00 m Depth Sand Cushion and 1.00 m Footing Width)

As shown in Figure (6.8) and Figure (6.10), the lateral extension of sand cushion has
less significant effect on footing heave than its effect on footing settlement. For sand
cushion depths smaller than 1.00 m, the effect of lateral extension is insignificant.
Decrease in heave is 2% when the lateral extension increases from zero to 1.00m for 0.50
m depth sand cushion for 20 kPa footing pressure as shown in Figure (6.8). Also, the
reduction of footing heave decreases with decrease of footing pressure, for example, it
becomes 1.90% under 20 kPa footing pressure. The effect of lateral extension on footing
heave increases with increase of sand cushion depth. The heave of footing resting on 1.00
m depth sand cushion decreases by 6%, when lateral extension increases from zero to
1.00m under 20 kPa footing pressure as shown in Figure (6.10) (compared to 2% for 0.50
sand cushion depth).

6.3.1 Summary

Finally, it may be noted that the lateral extension has a less significant effect on footing
heave than its effect on footing settlement. Also, lateral extension of sand cushion equal to
one time its depth is practical for footing settlement but this value is impractical for footing
heave in all cases. Comparison between effect of lateral extension of sand cushion on

footing settlement and footing heave is presented in Table (6.6).
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Table (6.6): Comparison between Effects of Lateral Extension of Sand Cushion
on Footing Settlement and Footing Heave

Parameter Settlement Heave
Relationship with length of lateral extension | Non-Linear Non-Linear
Significance of lateral extension High Medium

Practical length of lateral extension

(times depth of sand cushion) One time Varied (2 to 3 times)

6.4 Effect of Sand Cushion Relative Density

Parametric study for effect of relative density or degree of relative compaction of sand
cushion on footing heave and settlement was performed. Sand cushion is classified to three
types according to relative density: loose, medium and dense sand. The modulus of
elasticity of each type is estimated according to the Egyptian Code of Practice part 3, 2001.
Values of 12.5, 50 and 112.5 MPa were selected for loose, medium and dense sand;
respectively. Analysis was performed for 1.00 m footing width and sand cushion of 0.50
and 2.00m depth. The lateral extension of sand cushion is assumed to be 10.0 m which
represents infinity lateral extension where further increase has insignificant effect (end of

model boundary).

Results of analysis for the effect of sand cushion type on footing settlement and
heave are shown in Table (6.7) for 0.50 m sand cushion depth. Similarly, Table (6.8)
presents results for 2.00 m sand cushion depth. Figures (6.13) and (6.14) present the
relationship between footing settlement and modulus of elasticity of sand cushion for 0.50
m and 2.0 m sand cushion depth; respectively. Similarly, Figures (6.15) and (6.16) present
the relationship between footing heave and modulus of elasticity of sand cushion for 0.50
m and 2.0 m sand cushion depth; respectively.

Effect of modulus of elasticity of sand cushion on footing settlement is significant.
Settlement decreases with increase of modulus of elasticity of sand cushion as shown in
Figures (6.13) and (6.14). This effect decreases with increase of footing pressure. On the
other hand, effect of modulus of elasticity of sand cushion on footing heave is considered
negligible as shown in Figures (6.15) and (6.16). It is important to note that increase of
modulus of elasticity leads to increase of footing heave however this increase is considered

insignificant. This means that increase of relative density of sand cushion causes increase
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of footing heave. Also, the effect of modulus of elasticity decreases with increase of
footing pressure. This increase of heave due to increase of modulus of elasticity of sand
cushion is attributed to increase in rigidity of sand cushion to adapt its volume due to
heave. Finally, it is good practice to compact the sand cushion to minimize the effect of

heave without violating the required settlement and bearing capacity of footings.

Table (6.7): Footing Displacement for Different Elasticity Modulus of Sand Cushion
(0.50m Depth Sand Cushion and 1.00m Footing Width)

Load Es=12.5MPa Es =50 MPa Es =112.5MPa

(kPa) AS AH AS AH AS AH

0.0 0.00 103.68 0.00 103.49 0.00 103.63

20 -11.75 101.27 -10.63 101.33 -8.58 102.16

40 -22.21 99.31 -20.23 99.46 -16.58 100.78

60 -31.80 97.67 -29.95 97.85 -24.04 99.46

100 -49.12 95.00 -45.3 95.17 -37.95 97.10

140 -64.70 92.80 -59.95 92.92 -50.75 94.96

(Note: -ve values represent settlement and +ve values represent heave)

Table (6.8): Footing Displacement for different Elasticity Modulus of Sand Cushion
(2.00m Depth Sand Cushion and 1.00m Footing Width)

Load Es =12.5MPa Es =50MPa Es =112.5MPa

(kPa) AS AH AS AH AS AH

0.0 0.00 29.75 0.00 29.75 0.00 29.72

20 -4.75 29.44 -3.55 29.52 -2.30 29.61
40 -9.42 29.10 -7.04 29.26 -4.58 29.49
60 -14.01 28.74 -10.48 28.99 -6.83 29.35

100 -23.00 28.04 -17.22 28.43 -11.25 29.03

140 -31.75 27.39 -23.79 27.89 -15.59 28.70

(Note: -ve values represent settlement and +ve values represent heave)
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Figure (6.13): Effect of Elasticity Modulus of Sand Cushion on Footing Settlement
(0.50m Depth Sand Cushion and 1.00m Footing Width)
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Figure (6.14): Effect of Elasticity Modulus of Sand Cushion on Footing Settlement
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Figure (6.15): Effect of Elasticity Modulus of Sand Cushion on Footing Heave
(0.50m Depth Sand Cushion and 1.00m Footing Width)
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CHAPTER (7)
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

Expansive soils in developed areas undergo volume change with variations in soil
moisture. This volume change may cause movement of foundations that adversely affects
its performance. Sources of soil water variations in developed areas can be introduced by
man-made causes such as lawn and garden watering and leaky pipes. In addition, the
annual cycle of wetting and drying due to climate changes causes soils to shrink and swell
each year. Thus, the arid regions of the country are much more susceptible to damage due

to expansive soils.

The primary purpose of that work is to develop a powerful tool for evaluating and
predicting volume change problems associated with unsaturated expansive soils.
Furthermore, to evaluate the heave potential of expansive soils on shallow foundation due
to the different sources of water variations namely, climate, lawn, water infiltration and
pipe leakage. The relevant findings of that thesis give a step to augment our understanding
of the cause of damage to pavement, infrastructure and light-loaded structures due to

expansive soils.

The mechanical behaviour of unsaturated expansive soils is one of the challenging
topics in the field of geotechnical engineering. In this research, an analytical study has
been undertaken for the implement unsaturated nonlinear elastic model in finite element
framework that performs a sequentially uncoupled flow-displacement analysis for the
prediction of effect of soil suction and the induced volume change on civil infrastructures.
The flow equations have been solved by the commercial program called SEEP/W (Seepage
analysis Program). Where, the stress-deformation equations have been implemented in
CRISP (CRItical State soil mechanics Program). The Modified CRISP was used to

investigate effect of expansive soils on shallow foundation due to water variation causes.

Modified CRISP validation was performed to evaluate the accuracy of program in
predicting volume change of expansive soils. Case history of heave of a floor slab of a
light industrial building in north central Regina, Saskatatchewan due to water pipe leakage
was modeled using implemented model. The results of case history analysis showed good
agreement with measured displacements. In addition, three example problems from

literature were re-analyzed to verify the program formulation and performance.
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The capabilities of the program are illustrated through studying the effect of soil
suction change on heave of footings. Parametric studies of the different causes of moisture
content changes soil heave were conducted. The program was used to investigate the effect
of climate conditions, pipe leakage, surface infiltration and lawn on the volume change of
expansive soils. Regina Clay was considered as the modeling soil for the analyses
presented in this research. Regina clay was selected because of abundance of data on
properties that were measured under different stress state variables with acceptable

accuracy.

Furthermore, the Modified CRISP was used to evaluate the effect of the sand
cushions as one of the most effective method to avoid the danger of expansive soil on
shallow foundation. Parametric study of sand cushion dimensions and properties was
performed. The study try to asses the effectiveness of depth, lateral extension and relative
density of sand cushion on the heave of shallow foundation. Analysis of sand cushion with
the Modified CRISP showed the capability of the program to estimate the most effective
depth and lateral extension of the sand cushion with considering the properties of

expansive soil and causes of water content variations in the practical problems.

7.1 Conclusions

The program of research described in this has provided considerable insight into the
behaviour of expansive soils. In the following sections, conclusions from various aspects

of this research are summarized as follows:

7.1.1 Modified Program and Implemented Model

1. Uncoupled approach for analysis of behaviour of unsaturated expansive soil is
considered a simple and suitable method for practicing the volume change of

unsaturated expansive soils.

2. Modified CRISP for the modeling of unsaturated expansive soil behaviour forms
a powerful computing tool for solving volume change problems associated with

shallow foundation resting on unsaturated expansive soils.
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3. Modified CRISP provides flexibility for the description of elasticity parameters
as constant values or as mathematical expressions of stress variables and soil

suction.

4. SEEP/W program is considered a suitable tool for simulating the flow through
saturated and unsaturated soils and for evaluating soil suction distributions
through the soil. The final suction distributions serve as input for the stress
deformation analysis program to predict the volume change using the

implemented unsaturated expansive soil model.

7.1.2 Effect of Sources of water variations on Shallow Foundation Heave

1. The footing pressure has a low significant effect on heave reduction for shallow

foundation on expansive soils.
2. The effect of footing width on heave of shallow foundation is insignificant.

7.1.2.1 Climate Conditions Effect

3. Seasonal moisture fluctuation zone depth, Zs, has a significant effect on footing
heave. Increase in seasonal moisture fluctuation zone depth leads to increase of

footing heave. In addition, the relationship between seasonal moisture fluctuation

4. Soil suction change at ground surface, S, has a significant effect on footing
heave. Increase in soil suction change at ground surface leads to increase of
footing heave. In addition, the relationship between soil suction change at ground
surface and footing heave is linear. For example, Increase in soil suction change
at ground surface by 20% leads to increase of heave by 25% for 1.0 m seasonal

moisture fluctuation depth under zero footing pressure.
7.1.2.2 Effect of Lawn (Trees)

5. Planting distance, D, has a significant effect on the settlement of shallow
foundation rested on expansive soils. Increase of planting distance leads to
decrease of footing settlement. Relationship between the planting distance and

footing settlement is nonlinear. For example, footing settlement decreases by
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26% when planting distance increases from 2.00 to 4.00m for 0.10 m*/day tree

water demand and 1.0 root zone depth.

For the same tree water demand, footing settlement significantly decreases with
increase of root zone depth, R, especially when it is less than 2.00 m. For
example, footing settlement deceases by 35% when root zone depth increases
from 1.0 to 2.0 m (i.e., by 100%) for 0.10 m*/day tree water demand and 1.0 m

planting distance.

The effect of root zone depth on footing settlement decreases with increase of
planting distance from footing edge. For large planting distance, the effect of root
zone depth becomes negligible especially, for root zone depth larger than 2.00 m.

Also, the effect of root zone depth increases with increase of tree water demand.

Tree water demand, q., has a significant effect on settlement of shallow
foundation rested on expansive soils. Increase of tree water demand leads to
increase of shallow foundation settlement. Relationship between tree water
demand and footing settlement is linear. For example, Increase of tree water
demand by 50% leads to increase of settlement by 45% for 1.00 m planting

distance and 2.00 m root zone depth.

7.1.2.3 Water Infiltration Effect

10.

11.

Infiltration distance from footing edge, D;, has a moderate effect on heave of
shallow foundation resting on expansive soils. Footing heave is linearly
decreased with increase of infiltration distance. For example, The heave

decreases by 8% with increase of infiltration distance by 100%.

Horizontal barriers around the buildings have a significant effect on the reduction
of heave. Modified CRISP for modeling the behaviour of unsaturated expansive
can be used to simulate the field cases with barriers and select the appreciate

width of horizontal barrier or platform.

Infiltration width, w;, has a significant effect on heave of shallow foundation on
expansive soils. Heave increases nonlinearly with increasing of infiltration width.

Footing heave increases by 100% when infiltration width increases from 1.0 to
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3.0 m (i.e., by 200%) for 0.50mm/day tree water demand and 1.0 m infiltration

distance.

12. Infiltration rate, g;, has a significant effect on heave of shallow foundation on
expansive soils. Heave increases nonlinearly with increasing of infiltration rate.
For example, footing heave increases by 85% when rate of infiltration increases
from 2.00 to 3.00 mm/day (i.e., increase by 50%).

7.1.2.4 Pipe Leakage Effect

13. The pipe leakage induce significant heave compared to other water variation
sources. Consequently, it is considered the most significant with respect to

foundation problems.

14. Depth of leaking pipe below foundation level, Dy, has a significant effect on soil
heave. Increase of leaking pipe depth results in increase of footing heave to a
maximum value, after which, further increase in leaking pipe depth results in
decrease in footing heave. Thus, there is a critical pipe depth at which heave is
maximum. Thus, the selected in-situ depth should be selected shallower or deeper
than the critical depth.

15. Distance of leaking pipe, L, form footing edge has a significant effect on footing
heave. Increase in leaking pipe distance leads to decrease of footing heave.
Furthermore, the relationship between distance of leaking pipe form footing edge
and footing heave is linear. For example, footing heave decrease by 18% when

leaking pipe distance increase by 33% (from 3.00 to 4.00 m).

7.1.3 Sand Cushion Effect

1. Sand cushion depth, H;, has a significant effect on decreasing footing heave and

footing settlement.

2. Relationship between footing heave and depth of sand cushion is linear, where;
the relationship between footing settlement and depth of sand cushion is non-

linear.
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10.

11.

12.

Footing width and footing pressure have an insignificant effect on footing heave

especially when using sand cushion.

The lateral extension of sand cushion has a significant effect on the settlement of
footings. Increasing lateral extension more than once the depth of sand cushion is

insignificant on footing settlement.

Lateral extension of sand cushion has less significant effect on footing heave than

its effect on footing settlement

The effect of lateral extension of sand cushion on footing heave is negligible for

sand cushion depths less than 1.00 m.

The effect of lateral extension of sand cushion on footing heave increases with

increase of sand cushion depth.

Optimum lateral extension of sand cushion increases with increase of sand
cushion depth but it is not equal to one time the sand cushion depth as often
assumed in practice. The optimum lateral extension for 0.50, 1.00, 2.00m sand
cushion depth are 1.00, 3.00, 6.00m respectively. Therefore, , lateral extension of
sand cushion equal to one time its depth is adequate for safe settlement

requirements but this value is non-adequate for heave.

Effect of modulus of elasticity of sand cushion on footing settlement is
significant. Settlement decreases with increase of modulus of elasticity of sand

cushion.
Effect of modulus of elasticity of sand cushion on footing heave is insignificant.

Increase of modulus of elasticity of sand cushion leads to increase of footing
heave. This means that increase of relative density of sand cushion causes
increase of footing heave thus, loose sand is more suitable for heave conditions.

It is good practice to compact the sand cushion to minimize the effect of heave

without violating the required settlement and bearing capacity of footings
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7.2 Recommendation for Future Research

The research reported in this thesis has resulted in a better understanding of the behaviour
of shallow foundations resting on expansive soils. However, many questions are still
unanswered and there are several lines of research which could usefully be pursued in the
future. These future research opportunities include development of constitutive models,
improvement to laboratory testing techniques and other areas. The work described in this
thesis is limited to theoretical work. The study may extensively extend to cover the

following suggested points:

7.2.1 Theoretical work

1. The uncoupled approach was performed through this research. The study may be
extend to the coupled approach then a comparison are made between these

approaches.

2. This analysis may be performed for anisotropic expansive soils by modifying the

nonlinear elastic model to account the anisotropy properties of the soil.

3. The seepage-deformation numerical analysis utilizes a nonlinear elastic
deformation model, which provides accurate prediction for the scenario of elastic
behavior and combinations of soil stress state below the critical state. It is
recommended that an incorporation of plastic yielding into the program to

address plastic effects

4. The elastoplastic models of expansive soils may be used for studying the effect of
the environmental conditions and replacement on the behaviour of shallow

foundation rested on expansive soils.

5. The implemented model may be used for studying the behaviour of deep
foundations in expansive and evaluated the uplift forces on piles from expansive

soils.

6. The implemented model may used to study the stability of slopes under

infiltration process and other sources of water variations.

7. Program should be verified against further measured data and field case histories.
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8. The effect of each soil property function on the solutions of water flow and
stress-deformation problems should be studied. The results of such analyses may

assist in the simplification of the soil property functions used in the analysis.

9. This research was limited to the two dimensional problems, the numerical
modeling of expansive soil may be extended to include the axisymmetric

problems and three dimensional problems.

10. It is suggested that the mathematical equations of constitutive relationships for
unsaturated soils used for obtaining the elasticity parameters by differentiating
these equations. Then, these parameters can be expressed as functions of net
normal stress and matric suction and consequently it is not necessary to assume a

lower limit for each stress state variable.

7.2.2 Laboratory and field work

11. Estimate the state surface for soil structure and water phases with respect to

total stress and suction for different soil types in Egypt.

12. Measurement soil suction profiles for different regions in Egypt over the all times
on year.

13. Measurement the soil water characteristic curves for the different soils type in

Egypt.

13. Verify the accuracy of current expansive soil models for describe the mechanical
behavior of expansive shale soils in Egypt through experimental work.

In spite of the need for further work, this research has advanced the numerical
modeling of expansive soils significantly in three respects. Firstly, a simple numerical tool
for analysis of expansive soils is proposed and its capability for simulating different
practical problems is evaluated. Secondly, the effect of different causes of water variations
such as climate conditions, lawn, pipe leakage and water infiltration were investigated.
Finally, investigation of the effect of sand cushion on volume change behaviour of

expansive soil heave was conducted.
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