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ABSTRACT OF DISSERTATION
ACTIVE ZONE DEPTH AND EDGE MOISTURE VARIATION DISTANCE

IN EXPANSIVE SOILS
Two fundamental design parameters for foundations on expansive soils are historically
referred to as active zone depth and edge moisture variation distance. The purpose of this
research was to investigate these two parameters in terms of their historical definitions,
characterize them in terms of the effects of climate conditions, geologic conditions, and
soil properties, and estimate the long term active zone depth and edge moisture variation

distance at the field test sites.

Typical foundation engineering design practice for expansive soils involves the use of
active zone depth for the determination of heave and pier length. Previous attempts to
define the active zone depth were based on techniques for approximating its value.
Common practice along the Front Range in Colorado is to approximate the active zone
depth in the range of 15 to 20 feet, or less based on seasonal fluctuations observed in the

natural soils.

The edge moisture variation distance is used for the design of reinforcing for slab on
grade construction. This parameter has been defined as the distance measured inward
from the edge of the slab over which the water content changes in response to climate
fluctuations. This definition implies that the edge moisture variation distance is a

function of depth. Nelson and Miller (1992) pointed out that the edge moisture variation
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distance is not clearly defined for the purposes of slab design and that it is the most
difficult parameter to estimate. Several methods for determining the edge moisture
variation have been developed however they have not been tested and generally give

unclear results.

A new definition of active zone depth is préposed in this dissertation. The active zone
depth is “the zone in the soil beneath a structure that is contributing to the actual heave
that takes place at some point at the surface at a given time (t)”. As such the active zone
depth is a time dependent and spatially dependent parameter. The historical definition of
edge moisture variation distance is assumed to be appropriate based on the results of this

research.

Two simulated slabs-on-grade were constructed to study these two design parameters and
to evaluate the definitions presented above. In addition, the test sites provided data for
analyses of the effects of climate, geology, and soil properties. One simulated siab was
constructed at the CSU Expansive Soils Test Site at Colorado State University in Fort
Collins, CO and one at the Waterways Experiment Station Expansive Soils Test Site at
Fort Sam Houston in San Antonio, Texas. In addition, laboratory tests were conducted
on soils from both sites for use in the analyses. Finally, numerical modeling was
conducted to consider the long-term effects of boundary condition changes at the CSU

site.

Based on the results of the field and laboratory investigations and numerical modeling

conducted for this research the follow key observations and conclusions lend credibility
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to the proposed definition of active zone depth and historical definition of edge moisture

variation distance presented above.

o The zone of seasonal moisture fluctuation significantly underestimates the depth of
the active zone. Based on water content data from the CSU site, in the uncovered
soil, the depth of seasonal moisture fluctuation is approximately 5 to 7 feet. Water
content increases beneath the slab have been observed as deep as 18 feet.

o [Initial increases in water content in expansive soil due to the construction of a slab
typically result due to the reduction in evaporation at the surtace. This boundary
change causes an increase in moisture to a depth that is generally consistent with the
depth of seasonal moisture fluctuation. However, additional water content increases
occur in soils deeper than the depth of seasonal moisture fluctuation resulting in an
edge lift condition of the slab. These additional water content increases are the result
of infiltration from extreme climatic events and irrigation in the uncovered soils
adjacent to the slab.

e Continual increases in the depth of active zone generally follow short periods of no
increase and tend to coincide with an increase in the rate of rainfall accumulation.
When the rate of rainfall accumulation increase coincides with an increase in
temperature the thermal gradient causes an increase in downward flow from the
warmer to the cooler regions of the soil. During these periods lateral migration of
moisture beneath the slab increases the depth of the active zone. This cyclical
behavior will continue indefinitely.

e Climate conditions, geologic conditions, and soil properties control the rate of
increase in the depth of the active zone. In general the availability of moisture is
controlled by climate conditions as described above. However, the addition of water
from irrigation exacerbates the problem. In addition, preferred flow paths due to
geologic conditions such as bedding planes also provide conduits for flow. Hydraulic
conductivity and water retention properties primarily affect time rate of development
of the active zone.

e Based on model results presented herein, the long-term active zone depth for a
residential foundation at the CSU test site where irrigation is applied in accordance
with Northern Colorado Water Conservancy District guidelines approaches the depth
of potential heave based on stress conditions, which is equal to 35 feet.

e The edge moisture variation distance measured in this investigation is equal to hailf
the slab width, 15 feet. Therefore to determine the maximum extent of edge moisture
variation distance a larger slab would be necessary.

Dean Brian Durkee

Department of Civil Engineering
Colorado State University

Fort Collins, Colorado 80523
Spring 2000
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CHAPTER1
INTRODUCTION
The term expansive soil generally refers to soil or rock that has potential for volume
change (swelling) when its water content increases. Problems with slabs-on-grade
constructed on expansive soil occur as a result of swelling caused by changes in the state
of stress, due to an increase in water content. The increase in water content results from
the decrease of evapo-transpiration from the soil surface due to placement of the slab and
the introduction of water to the soil from external sources such as irrigation, broken

utility lines, or extreme climatic events.

The research presented in this dissertation was conducted to investigate two fundamental
expansive soil foundation design parameters historically referred to as “active zone
depth” and “edge moisture variation distance”. The primary objectives of this research
are listed below.

1. Examine the previously proposed definitions and develop rigorous definitions for the

term’s “active zone depth” and “edge moisture variation distance”.

Monitor water content, suction, and heave beneath a simulated slab foundation under

controlled conditions where the evapo-transpiration has been significantly reduced.

3. Determine the active zone depth and edge moisture variation distance in terms of the
observed moisture migration and heave patterns.

4. Characterize the active zone depth and edge moisture variation distance in terms of
the effects of environmental conditions, geologic conditions, and soil properties.

5. Evaluate the active zone depth and edge moisture variation distance using numerical
techniques to simulate boundary conditions not considered in the field investigation.

o
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Two simulated slabs-on-grade were constructed at field test sites located in Fort Collins,
Colorado (CSU), and San Antonio, Texas (FSH). The CSU site is located at the
Expansive Soils Test Site on the Foothills campus of Colorado State University. The
FSH site is located at the Waterways Experiment Station (WES) Expansive Soils Test
Site at Fort Sam Houston. Both sites were instrumented to monitor surface heave and
water content changes m the soil beneath and adjacent to the simuiated siabs. The CSU
site was also instrumented to monitor total suction and temperature beneath and adjacent
to the simulated slab. The use of two sites allows for comparison of the effects of
different geologic conditions, soil properties, and climatic conditions on water

movement.

A laboratory investigation was conducted in support of the field research. Geotechnical
laboratory tests were conducted to classify the soil and determine general soil properties
and constitutive parameters for use in the quantitative analyses of water movement and
heave. Two finite element computer models SoilCover, Geo-Analysis 2000 Ltd., and
SEEP/W, GEO-SLOPE International Ltd. were used to evaluate the effects of soil

properties, geologic conditions, and climatic conditions on water movement.

This dissertation presents historical information, the results of Iaboratory and field
investigations, and the results of numerical modeling, as it pertains to active zone depth
and edge moisture variation distance. An historical overview of key developments in
expansive soils foundation design and previously proposed definitions of active zone
depth and edge moisture variation distance are presented in the remainder of Chapter 1.

In addition a rigorous definition for active zone depth is proposed in Chapter 1.4.1.
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A literature review is presented in Chapter 2. The development of the mechanics of
unsaturated soil, as it relates to expansive soil, an overview of soil water models, design
considerations for foundations on expansive soils, and the results of previously conducted

field studies are presented.

Sampling of the field test site soils and construction of the field test sites are presented in
Chapter 3. Soils from the site investigation were tested in the laboratory and the results
are presented in Chapter 4. The results from the laboratory investigation were also used
to classify the soils in terms of swell potential. In addition, laboratory resuits were used
in Chapters S and 6 to predict heave and determine constitutive parameters for the

numerical modeling.

Results from the field test sites are presented in Chapter 5. The results of numerical
modeling are presented in Chapter 6. Conclusions and future research topics are

presented in Chapter 7.

1.1 Historical Overview

Most advances in the state-of-the-art with regard to expansive soils have taken place in
the last forty years. In the late 1950's researchers began developing empirical methods to
identify and classify expansive soil. Several of the early methods for identifying
expansive soil correlate Atterberg limits to heave potential. The volume and moisture
change behavior of soil is directly related to the percent clay and mineralogical
composition, which also influence consistency limits. Generally, soil with a high
plasticity index will experience greater volume change than soil with a low plasticity

mdex.
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Seed et al. (1962b) noted that two soils with the same swell potential may exhibit
different swell behavior due to different environmental conditions. They made the
distinction between swell potential and actual swell, and proposed that a soil be evaluated
in two stages. The first stage is to determine the swell potential based on the type and
amount of clay present in the soil. The second stage is to evaluate the environmental

conditions to determine the actual amount of swell that can be expected.

Environmental conditions consist of climatic conditions and other external factors such as
irrigation or vegetation that can effect the water content of the soil. Evaporation and
evapo-transpiration cause an upward flux of water in the soil. Alternatively, a downward
flow of water is caused by water at the ground surface due to precipitation or excess
irrigation. In the arid and semi-arid regions of the southwestern U.S., natural soil
generally exists in an unsaturated state at high negative water pressures due to the high
evaporation rate and low amount of precipitation. The presence of a relatively dry
expansive soil with a high affinity for water, in an area of rapid development resulting in
large changes in soil moisture, typically causes serious problems in the design of

foundations for light structures.

12  Design Considerations

A structure such as a building foundation or highway pavement significantly reduces
evaporation and evapo-transpiration at the surface of the soil. Generally, an initial
increase in water content occurs with subsequent swelling of the soil. Except in ideal
situations, swelling occurs in an uneven pattern, due to variability in both the soil profile
and water content, resulting in differential movement of the structure. If the magnitude

4
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of differential movement is large enough, then significant damage to structures and

pavements can OCCur.

1.3  Foundation Design Parameters

Two fundamental design parameters for design of slabs-on-grade on expansive soil are
the “active zone depth™ and the “edge moisture variation distance™. The primary goal of

this research is to define and to develop an understanding of these two parameters.

1.3.1 Definition of Active Zone Depth

The active zone depth is used to predict heave and determine pier length. A review of the
literature indicates that active zone depth is not clearly defined. Previous attempts to
define the active zone depth are based on techniques for approximating its value. As
such, they lack rigor and a quantitative method for estimating or measuring it does not
exist. Therefore, one of the first objectives of this research is to present a definition for

active zone depth.

Until recently, empirical data has indicated that the zone of soil that influences heave is
generally within the upper 15 or 20 feet. O’Neill and Poormoayed (1980) indicated that
the active zone depth in the Denver, Colorado area ranges from 10 to 15 feet. In this
zone the overburden stress is low thus providing little resistance to swell. This upper
stratum of soil is typically the zone in which water content changes are the most

pronounced.
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Over the past 15 to 20 years practitioners and researchers have attempted to determine
active zone depth by several methods which each offer their own “definition™ of active

zone depth.

Goode (1982) and Hamberg (1985) define the active zone depth as the “depth of water
content increase” due to placement of the slab. Their studies consisted of measurement
of heave and water content changes beneath simulated siab foundations constructed on

expansive soils where the surrounding area was left in its natural state.

The upper 15 to 20 ft of soil are heavily influenced by climatic conditions. Nelson and
Miller (1992) define active zone depth as the "zone of seasonal fluctuation”. From this
definition the active zone depth is a function of natural water content fluctuations and can
be identified in the field by the point where the water content or suction distribution

becomes constant with time.

Fredlund and Rahardjo (1993) define the active depth of swelling (active zone depth) as
the depth to which the overburden stress equals the corrected swell pressure. This zone
can reach depths in excess of 100 ft when typical swell pressures (10,000 psf) are

considered.

Nelson, Durkee, and Bonner (1998) refer to the depth of potential heave. The depth of
potential heave is synonymous to the definition of active depth of swelling proposed by
Fredlund and Rahardjo (1993), and represents the maximum depth within which heave is

possible.

These references provide insight into some of the factors that must be considered to

estimate active zone depth for design but in and of themselves are not “definitions”. The
6
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depth at which the overburden stress equals the corrected swell pressure provides a
method for estimating maximum active zone depth and can be used as a conservative

estimate when data is limited.

When a relatively dry soil surface is covered, the rate of evaporation and evapo-
transpiration are reduced significantly, and the water content in the soil increases to a
steady-state condition based on the vapor pressure gradient in the soil. The resulting
water content increases progress downward to a depth referred to as the "depth of
wetting”. This depth has been shown to increase with time but long-term data is limited.
Thompson (1997) presented 5 to 10 years of pre-construction and post-construction water
content data from residential and commercial construction sites, some of which were
irrigated. All of the sites were built on flat sedimentary soil profiles. Based on this data
Thompson (1997) concluded that a design depth of wetting (active zone depth) of 20 feet
is conservative.

Irrigation, infiltration through backfill areas of trenches, broken water lines, and other
factors can cause the depth of wetting to go much deeper. In this case the zone

contributing to swell can be much deeper than the zone of seasonal fluctuation or the

depth of wetting described above.

The empirical approximations discussed above are based on time dependent data and as
such provide a probabilistic estimate without quantitative rigor. Thus, there have been
many definitions proposed for "active zone depth”. However, these are not actually

definitions but rather they are methods for estimating the parameter.
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Definition

The definition of Active Zone presented herein is the zone in the soil beneath a structure
that is contributing to the actual heave that takes place at some point at the surface at a
given time (t). As such, the depth of the active zone is a time dependent and spatially

dependent parameter that is limited by the following two conditions.

1. The active zone depth can not be deeper than the depth at which the overburden
pressure is equal to the swell pressure.

2. The active zone depth can not be deeper than the depth of expansive soil. This
limiting condition seems obvious, but the zone of seasonal fluctuation and depth of
wetting can be deeper than the zone of expansive soil.

The time dependent nature, spatial variability, and limiting conditions are illustrated in
Figure 1-1. At Point A the depth of the expansive soil is 10 feet and at Point B the depth
of expansive soil is 30 feet. The soils beneath the expansive soil are non-expansive. At
time t; the wetting front in the soil beneath point A and point B has progressed to a depth
z; of 5 feet. At this time the active zone depth is 5 feet at both locations A and B. At
time t; the wetting front beneath points A and B has progressed to a depth z; of 10 feet.
At this time the active zone depth is 10 feet at both locations A and B. At time t; the
wetting front has progressed to a depth z; of 20 feet. At this time the active zone depth is
10 feet at point A and 20 feet at point B. Since the soil underlying point A consist of 10
feet of expansive soil over a non-expansive soil, the maximum active zone depth is 10

feet.

Similarly the maximum active zone depth at point B is 30 feet unless the swell pressure is

low enough that an overburden of less than 30 feet is sufficient load to resist swell. For
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example, if the swell pressure of the soil is 3,000 psfand the density of the soil is 100 pcf
then at a depth of 30 feet the swell pressure is equal to the overburden load. In this case

at time t; the soil beneath 30 feet does not contribute to heave at the surface, hence the

active zone depth is 30 feet.
A B Depth of Wetting (z,) at Time (t;)
! |
Expansive soil
t, Zy,
10
bz
Non-expansive soil
£ v
s 20 Expansive soil
= 3, 23
30 L i
s Zg
40 v

Figure 1-1  Illustration for definition of active zone depth

1.3.2 Definition of Edge Moisture Variation Distance

The edge moisture variation distance is used to design reinforcing for the slab
foundations. The cyclical effects of evaporation and wetting around the edges of a
foundation result in shear stresses in the concrete that contribute to cracking. For
example, during hot, dry conditions water can be lost from the soil under a slab-on-grade
around its edges. During wetter times of the year or during extreme precipitation events

the water content will increase around the edges the siab.
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The distance from the edge of the foundation inward to where these seasonal fluctuations
occur is referred to as the edge moisture variation distance. PTI (1980) defines the edge
moisture variation distance as the distance measured inward from the edge of the slab
over which the moisture content of the soil varies. As such the magnitude of edge
moisture variation distance is depth dependent. McKeen and Johnson (1990) indicate
that the edge moisture variation distance can approach a distance equal to the depth of the
active zone, and determine its magnitude based on suction fluctuations with depth and the

depth of the slab.

Nelson and Miller (1992) point out that the edge moisture variation distance is not clearly
defined and for the purposes of slab design it is the most difficult parameter to estimate.
Shear stresses within a concrete slab foundation are the result of differential uplift forces
beneath the slab. As such, the seasonal fluctuations in water content around the edges of
the slab represent only one factor that contributes to shear stress and cracking. Geologic
conditions, soil variability, and the time dependent progression of water from the edges
of the slab due to irrigation also contribute to differential heave over the life of the
structure. In addition, in the case of a slab type structure exposed to atmospheric
conditions, such as a road or runway, temperature fluctuations above the slab can result in

significant water content fluctuations beneath the surface.

10
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CHAPTER 2

LITERATURE REVIEW

The current state of knowledge in expansive soils suggests that the methods available for
predicting heave and designing slab foundations are reliable if the characteristics of the
site can be defined with reasonable accuracy. As discussed in Chapter 1, two important
parameters for designing foundations on expansive soil are the active zone depth and the
edge moisture variation distance. The goal of this research is to characterize active zone
depth and edge moisture variation distance and evaluate the effects of climatic conditions,
geologic conditions, and soil properties on these parameters. The following literature
review presents an overview of the fundamental theoretical background in unsaturated
soils and the technical considerations for the design of slab foundations on expansive soil.
The literature review is divided into four sub-chapters. The first sub-chapter discusses
the current state of knowledge in the mechanics of unsaturated soil as it pertains to
volume change and water movement. The second sub-chapter discusses previously
developed volume change and moisture flow models. The third sub-chapter is an
overview of slab-on-grade design considerations. The fourth sub-chapter presents the

results of previous slab-on-grade field studies.

11
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2.1 Mechanics of Unsaturated Soil

Fredlund and Morgenstern (1977) rigorously defined the state of stress in unsaturated
soil. Prior attempts to write an effective stress equation for unsaturated soils lacked
somewhat in rigor. The following sub-chapters discuss the stress state variables for

unsaturated soil, particularly with respect to volume change and water movement.

2.11 State of Stress

Volume change behavior in soil resuits from changes in the state of stress within the soil.
The state of stress is defined by the equations of force equilibrium and must be
independent of soil properties. In geotechnical engineering the state of stress in a soil is
expressed in terms of the effective stress (total stress minus pore water pressure). The
original effective stress equation proposed by Terzaghi was presented in terms of a
saturated soil thus allowing a single-valued effective stress. Since the late 1950's and
early 1960's researchers have attempted to extend the saturated effective stress equation
to unsaturated soils.

Fredlund and Rahardjo (1993) presented a review of the proposed effective stress
equations for unsaturated soils. Until 1977, the most commonly used equation to define
effective stress in unsaturated soils was that presented by Bishop at a lecture in Oslo,

Norway in 1955 (see Bishop, 1959). Bishop’s equation is given by:

o'=(c-u -y (u,-u,) (2-1)
where: o’ effective stress
c = total stress
0, = pore air pressure
12
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u, = pore water pressure
X = dimensionless parameter related to the degree of
saturation
Jennings and Burland (1962) first questioned the use of a single-valued stress state to
define effective stress. Jennings and Burland (1962) conducted a series of oedometer
tests and triaxial compression tests on soils ranging from silty sand to silty clay. They
concluded that the equation proposed by Bishop (1959) gave different results when used
for different problems. The y-parameter, in Equation 2-1 varies with material properties
including degree of saturation, and thereby introduces constitutive behavior into the stress
state equation. Recognizing this, several researchers have concluded that the state of
stress is not defined by a single stress state variable and must be expressed by more than
one independent stress state variable (Jennings and Burland, 1962, Matyas and
Radhakrishna, 1968, and Barden et al., 1969).
Fredlund and Morgenstern (1977) verified that the following three variables are valid
stress state variables:
(o-u),(o-u,),(u,-u,,)

The third term shown above represents the matric suction of the soil. To verify and prove
that the proposed stress state variables are independent; Fredlund and Morgenstern (1977)
noted that:

"A suitable set of independent stress state variables are those that

produce no distortion or volume change of an element when the

individual components of the stress state variables are modified but

the stress state variables themselves are kept constant. Thus, the

stress state variable for each phase should produce equilibrium in
that phase when a stress point in space is considered.”
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Laboratory null tests were performed in which o, u,, and u, were varied such that the
stress state variables listed above remained constant. There were no measurable soil or
water volume changes during the null tests indicating that the proposed stress state
variables are valid. Since any two of the stress state variables can be used to determine
the third one it is evident that only two of the variables are ir’ldependent. Also, it has been
shown experimentally that any combination of two of the stress state variables defines the

state of stress in an unsaturated soil.

2.1.1.1 Soil Suction

The three stress state variables shown above represent the net normal stress with respect
to the air phase, the net normal stress with respect to the water phase, and the matric
suction, respectively. Fredlund and Rahardjo (1993) stated that the magnitude of the
matric suction is often considerably higher than the magnitude of the net normal stress
and that the variation in the soil suction profile is generally greater than variations
commonly occurring in the net normal stress profile.

Variation in the matric suction profile will depend on several factors, including the
environmental conditions, ground surface conditions, the location of the water table, and
the permeability of the soil profile. Matric suction generally increases during dry seasons
and decreases during wet seasons. During the dry season the evapo-transpiration rate at
the surface is greater than the infiltration rate and the matric suction increases. During
the wet season the evapo-transpiration rate at the surface decreases and hence the matric

suction decreases. The surface conditions refer to whether or not the soil surface is

14
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exposed to the atmosphere. The matric suction profile beneath an uncovered surface will
vary greatly between wet and dry times of the year. The matric suction profile beneath a
covered surface is less influenced by seasonal fluctuations and remains relatively constant
with time. However, placement of a cover at the surface of a desiccated soil can result in
an accumulation of moisture and subsequent reduction in matric suction.

The depth of the water table will generally effect the magnitude of the matric suction
profile. The deeper the water table is the greater the magnitude of matric suction. The
rate of migration of water due to suction changes is controlled by the permeability. This
affects the ability of the soil to change matric suction when environmental conditions
change.

The total suction of a soil is made up of two independent variables, matric suction (u,-u,)
and osmotic suction, ©. Changes in the total suction of a soil can result from changes in
either of the independent components or a combination of both. Osmotic suction is
related to the salt content of the pore-water and therefore can be associated with saturated
soils as well as unsaturated soils. Changes in salt content of the pore water will result in
changes in the mechanical behavior of both saturated and unsaturated soils.

Engineering problems associated with expansive soils generally result from
environmental changes. The accumulation of moisture beneath a slab foundation causes
a decrease in total suction (increase in pore pressure) and subsequent heaving of the
structure. Fredlund and Raharjdo (1993) stated that this type of change primarily affects
the matric suction component and that the osmotic suction changes are generaily less

significant. The results of a study on compacted Regina clay by Krahn and Fredlund
15
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(1972) showed the relative importance of changes in osmotic suction as compared to
matric suction when water content changes. When the water content changed the change

in total suction was essentially equivalent to the change in matric suction.

2.12 Volume Change

Fredlund (1979) concluded that the stress-strain behavior of an unsaturated soil must be
considered with two independent stress state variables. A three dimensional surface was
used to show volume change as a function of the two independent stress state variables,
thus making the relationship a constitutive surface.

Matyas and Radhakrishna (1968) tested the three dimensional surface theory using K,
compression tests on mixtures of flint powder and kaolin. The results of their tests
showed that a unique surface exist in terms of (c-u,) and (u,-u,,) for samples tested on a
wetting cycle. Matyas and Radhkrishna (1968) noted, however, that the surface was not
unique with wetting and drying cycles due to a hysteretic effect on the soil structure.
Similar tests were conducted by Barden et al. (1969). The total, pore air, and pore water
pressures were controlled during K loading tests. The tests were run using various stress
paths on both wetting and drying cycles. Barden et al. (1969) concluded that the volume
change behavior of an unsaturated soil was stress path dependent, and that it should be
analyzed in terms of two independent stress state variables: (c-u,) and (u,-u,). Although
these two references recognized that the stress state variables are independent they did not
show the validity of them. The work done by Fredlund and Morgenstern (1977) showed

that any two of the three stress state variables can completely describe the state of stress.

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Thus, the state of stress and the volume change behavior of an unsaturated soil are

described by two independent stress state variables. A constitutive relationship for

volume change is given by:
Ae=[CAlog(u,-u, )+CiAlog(c-u)]; (2-2)

where: Ae = the change in void ratio

(u-u,) = mairic suction siress state variable

(o-u,) = net normal stress state variable

C. = matric suction index

C = effective stress index

c = total stress

u, = pore air pressure

u, = pore water pressure.

Fredlund and Rahardjo (1993) and Nelson and Miller (1992) presented methods for

finding the index parameters C_ and C..
2.13 Water Movement

Two primary approaches have been used to analyze and quantify water movement in
soils, the thermodynamic approach and the mechanistic approach. Edlefsen and
Anderson (1943) discussed the thermodynamic approach. They suggested that moisture
movement is initiated by a gradient of the total specific free energy, which is defined as
the combined effects of surface tension, hydrostatic pressure, dissoived material, and
adsorptive forces. Corey and Klute (1985) listed several shortcomings to this approach.
Generally, the method does not consider the effects of gravity. Corey and Klute (1985)
also pointed out that the velocity term submitted by Edlefsen and Anderson (1943) is a
water flux which is not necessarily the soil solution flux, therefore, it is not directly
analogous to Darcy’s law.

17
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Engineers have traditionally taken a mechanistic approach to modeling water flow
through soil. Fredlund and Rahardjo (1993) stated that the three concepts that engineers
have used to explain the mechanical driving force that causes water flow in an
unsaturated soil are the water content gradient, the matric suction gradient, and the
hydraulic head gradient.

They also stated that flow is more appropriately defined in terms of a hydraulic head
gradient. A water content gradient implies that water will flow from a high water content
to a low water content. However, a water content gradient is not a fundamental driving
potential because water can flow from low water content to high water content when soil
variations are involved, (Fredlund and Rahardjo, 1993).

To show that the matric suction gradient is not the appropriate driving potential in an
unsaturated soil, Fredlund and Rahardjo (1993) showed three hypothetical cases where air
and water pressure are greater on the left hand side of an unsaturated element of soil, than
on the right hand side. The three cases are shown in Figure. 2-1. In all three cases air and
water will flow separately from left to right in response to their individual pressure
gradients regardiess of the matric suction gradient. If the air pressure is zero, which is the

common situation in nature, the matric suction gradient is numerically equal to the

pressure gradient.

I8
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Figure 2-1  Pressure and matric suction gradients across an unsaturated soil element
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22 Models for Soil Water Flow

Edgar (1983) presented a comprehensive review of the development of groundwater flow
models as they have developed from modeling moisture flow through isothermal
saturated rigid soil to modeling moisture flow through unsaturated deformable soil with a
temperature gradient. This sub-chapter summarizes that development and presents a
review of additional work since 1983.

The earliest groundwater models assumed isothermal conditions in a saturated rigid soil
under steady state flow conditions. Richards (1931) developed the basic equations for
isothermal flow through unsaturated rigid soil. Richards’' equation uses Darcy's law to
relate the rate of change of volume of water to the volumetric flux, which is proportional
to the gradient of the capillary potential.

Theis (1935) developed a transient analysis for saturated isothermal flow in a rigid soil to
investigate the rate of discharge from a well. Jacob (1940) showed that Theis' method
also accounts for slight changes in the soil volume by considering the elastic properties of
water and soil voids.

Terzaghi used the diffusion equation and the assumptions of a saturated soil, constant
permeability, and a linear stress-strain relationship under small strains to develop the
standard consolidation equation for isothermal flow in a deforming soil (Taylor, 1948).
Philip and De Vries (1957) developed a vapor flux equation for moisture movement in
rigid porous material under temperature gradients. They coupled vapor phase and liquid

phase flow by developing thermal and isothermal diffusivity coefficients for both phases.
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The liquid phase flow accounts for gravity, capillary, and adsorptive forces and the vapor
phase flow is controlled by diffusion.

McNabb (1960) extended Terzaghi's consolidation theory to include large strains by
defining a coordinate system such that it was attached to the soil particles, thus
maintaining a constant volume of solids as the soil deformed. Gibson et al. (1967)
extended Terzaghi's consolidation theory to include large strains by accoumting for
variations in soil compressibility and permeability. Gibson et al. (1981) applied a
solution to the equations developed by Gibson et al. (1967) to a thick deforming clay
layer. The results of this study showed that the nonlinear finite strain theory predicts a
slower dissipation of excess pore pressure than conventional theory. The authors
concluded that conventional consolidation theory might therefore result in an
overestimate of shear strength.

Stallman (1965) developed an equation for estimating infiltration rates due to sinusoidal
fluctuations of temperature profiles at the ground surface in a saturated rigid porous
media. Lapham (1987) used a finite difference method to analyze infiltration rates
beneath streams with Stallman's equation. The results matched well with field measured
hydraulic conductivity values.

Campanella and Mitchell (1968) showed that pore water drained from a saturated sample
of illite as the sample temperature increased at a constant isotropic effective stress. As
the sample was subsequently cooled, water was imbibed but not back to the initial value.
The drainage of pore water upon heating was attributed to expansion of the mineral solid
and pore water, and soil structure changes.
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Raats and Klute (19682, 1968b) used continuum theory of mixtures to develop equations
for transport of water through saturated and unsaturated soil. They treated the soil as
independent continuous phases and wrote balance of mass and balance of momentum
equations for each phase. Those equations were applied to a one-dimensional
deformation of the solid phase acting simultaneously with motion of the aqueous phase
for saturated and unsaturated porous media (Raats and Klute, 1969).

Fredlund and Hasan (1979) developed a one-dimensional consolidation model for
unsaturated soils. By considering Terzaghi's consolidation equation and the stress state
variables presented by Fredlund and Morgenstern (1977) to be valid, the authors derived
dual equations for pore air and pore water pressure dissipation with the application of
load. Volume change of an unsaturated element of soil with a continuous air phase was
defined by the total stress minus pore air pressure and capillary pressure.

Lloret and Alonso (1980) also developed a one-dimensional model for isothermal flow
through a deforming unsaturated soil. The concept of relative permeability for air and
water developed by Bear, and the stress state variables presented by Fredlund and
Morgenstern (1977) were used in the development of a finite element model for
unsaturated flow and deformation.

Chen et al. (1981) showed the effects of temperature variation in deforming soil. They
developed a thermal conductive instrument for controlling a temperature gradient in a
remolded expansive soil. Test results showed that for an initially constant water content

distribution a linearly increasing distribution of water content could be achieved by
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heating one end. The degree of redistribution of water was a function of the initial water
content.

Dakshanamurthy and Fredlund (1981) developed a mathematical model for predicting
moisture flow in an unsaturated deformable soil. They expanded the theory developed by
Fredlund and Hasan (1979) to include nonisothermal flow conditions by applying the
temperature gradient to the pore air and pore water pressure. A modified form of the pore
air and pore water partial differential equations were obtained by combining the effects of
the thermal and hydraulic gradients and neglecting the vapor phase flow.

The concept of total potential has been used extensively in soil physics and agronomy for
analyzing soil water flow. Corey and Klute (1985) presented an historical development
of the concept of total potential. They state that the most important drawback to most
total potential formulations for soil water is that a distinction is not made between
potential of the chemical water component and the hydraulic potential of the soil solution
component.

Corey and Klute (1985) also discussed the concept of irreversible thermodynamics. The
theory of irreversible thermodynamics states that any spontaneous or natural process in a
system produces entropy. A balance equation can then be written for a continuous fluid
mixture. The resulting balance equation relates the time rate of production of entropy per
unit volume to the sum of the negative divergence of the entropy flux and an entropy
source function.

Edgar et al. (1989) developed a nonisothermal, consolidation model for flow through
unsaturated soil. A finite difference technique was used to analyze the effects of liquid,
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



gas, and heat flows on the deformable soil. A set of one dimensional equilibrium and
balance equations for two and three phase soils were developed using a coordinate system
defined by the soil solids. A series of example problems were used to analyze the effects
of changing the environmental conditions and soil properties. A specific example, which
is pertinent to this research, is the consolidation of an unsaturated soil due to placement
of a cover.

The example presented in Edgar et al. (1989) considered the application of a soil cover on
a soil profile consisting of three distinct layers. Prior to the placement of the cover the
originally saturated soil was allowed to drain via a free draining layer at the bottom and
evaporation was allowed at the surface. At some time later a cover was placed thereby
eliminating evaporation at the surface. The results showed that an increase in water
content occurred at the surface due to the placement of the cover. In this example a
highly compressible soil was used and the model results also indicated that the soil
consolidated due to the weight of the cover.

Nassar and Horton (1989) conducted experiments to observe whether the presence of a
solute affects moisture migration that is controlled by a temperature gradient, in
unsaturated soil. Dual tests were conducted, one with a saline soil and one without to
compare the differences. A model equation for volumetric water content distribution was
fitted to the data by least-squares regression. The results indicated that solute
concentration does affect moisture migration due to a temperature gradient and that it can

be modeled reasonably well using their empirical equation.
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Bach (1992) conducted laboratory column tests to clarify the significance of
nonisothermal water flow and ran a numerical simulation model for moisture and heat
flow to compare the Iaboratory results with calculations using Philip and De Viies'
formulation. Evaluation of the results indicates that temperature gradient has the most
significant effect at intermediate water contents. Under nonisothermal conditions the
model provided a poor fit to the measured data until the original matric potential
coefficient was modified. The model results indicated that temperature gradient has less

of an effect at high water contents.

221 Infiltration and Evaporation

The models discussed thus far were developed to evaluate seepage and flow in saturated
and unsaturated soil. However, the analysis of seepage and flow in saturated and
unsaturated soil requires the specification of a boundary condition at the surface (i.e. flow
of water, pressure, and etc..). The flow of water across the surface (infiltration and
evaporation) is particularly important in the investigation of expansive soils where small
changes in water content near the surface can result in large volume changes and
significant damage to structures.

Several models have been developed in the past for evaluating infiltration. However, in
arid climates where surface soils are typically very dry or desiccated most of the time,
evaporation is of particular importance. Wilson (1990) noted that the process of
evaporation from the soil surface has not been fully understood and extreme difficulties

frequently arise while predicting evaporation from unsaturated soil surfaces.
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Wilson (1990) developed a theoretical approach for evaluating the rate of evaporation
from an unsaturated soil surface. The flow of water vapor and liquid water are described
by Darcy’s law and Fick’s law and Wilson (1990) developed a modified form of
Penman’s method to predict evaporation from unsaturated soil surfaces. The modified
Penman formulation accounts for net solar radiation, wind speed, and relative humidity.
Wilson (1990) concluded that three primary factors control the flow of moisture between
the soil and the atmosphere. The first factor is the atmospheric conditions and the
demand they impose on the soil, The second factor is the ability of the soil to transmit
moisture; this is controlled by the hydraulic conductivity and soil water characteristic of
the soil. The third factor is the influence of vegetation.

Researchers at the Unsaturated Soils Group, Department of Civil Engineering, University
of Saskatchewan, Saskatoon, Canada used Wilson’s model to develop a finite element
computer package that models transient conditions in saturated and unsaturated soils.
The model is physically based and predicts the exchange of water and energy between the

atmosphere and the soil (atmospheric coupling).

23  Design of Stiffened Slabs-on-Grade

Design of a stiffened slab-on-grade consists of determining the bending moment, shear,
and deflection for the given situation and providing reinforcing. The analysis includes
the effects of structural loading and the determination of the soil conditions.

Nelson and Miller (1992) presented the design considerations for a stiffened slab-on-
grade as shown in Figure 2-2. Figure 2-2a depicts the development of 2 mound beneath a

weightless flexible slab.
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Figure 2-2  Mound profiles for various cases of slabs on grade: (a) mound profile for
a weightless slab, (b) mound profile for an infinitely stiff slab with a load,
(c) mound profile for a semi-rigid slab with a load (Nelson and Miller.,
1992).

In Figure 2-2b the mound changes shape due to the yveight and infinite rigidity of the
slab. In actuality the slab will behave as shown in Figure 2-2¢c, which is somewhere
between a and b. Theoretical design procedures for stiffened siabs-on-grade construction
were presented in Nelson and Miller (1992). The present research was conducted to
investigate methods for obtaining two of the parameters necessary in a typical design
procedure. The reader is referred to Nelson and Miller (1992) for the specifics of the five

theoretical design procedures.
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The PTI (1980) design method is widely used, and is recognized by the Uniform Building
Code. In this method the necessary design parameters are:

Maximum differential heave,
Edge moisture variation distance,
Mound shape equation constants,
Climatic ratings, and

Soil properties

The maximum differential heave depends on the depth of the active zone, which is
controlled by climate and soil conditions. The edge moisture variation distance, mound
shape, and applied load influence the bending moment induced in the slab. Two key
parameters are the active zone depth and the edge moisture variation distance, which are

the subjects of this research.

23.1 Heave Prediction

There are several methods available for predicting heave of an expansive soil. Local
engineers often use empirical methods applicable to a specific geographic location.
These methods are of value within the boundaries of the local soil and environmental
conditions. Theoretical and semi-empirical methods have been developed that can be
further advanced and verified by current laboratory and field instrumentation methods.

The basic equation for predicting heave in expansive soil is given as (Nelson and Miller,

1992):
t Ae-z;
= i (2-3)
P § (I+eg);
where: p = total heave
z = initial thickness of layer i
n = number of layers

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



€ = initial void ratio of soil layer i
Ae = change in void ratio during swelling

The change in void ratio, Ae, during swelling is a function of the change in net normal
stress and soil suction and the rate of change is controlled by the respective swell indices

of the soil. The general equation for total heave due to changes in net normal stress and

soil suction is given as: .
p= ZL-[C,MAlog(ul -u,)+C,Alog(c-u,)] (24)
S (L+e, )i '
where: Ae;, = Cui log (w-u,); + Cy log (o-w);
Cu = matric suction index for layer i
Ca = net normal stress index for layer i
G = total stress
u = pore pressure (a=air; w=water)

In equation 2-4 (u,-u,,) is the soil suction and (c-u,) is the net normal stress. In practice
there are two general approaches to predicting heave in expansive soil. Historically, the
oedometer test has been used most often. More recently researchers have attempted to
use soil suction as a fundamental parameter in predicting heave. The following sub-

chapters discuss these two approaches.

23.1.1 Oedometer Tests Approach

Two general procedures for determining swell and swell pressure using an oedometer are
the consolidation-swell test and the controlled strain test. In the consolidation-swell test,
the soil sample is placed in an oedometer, at its natural water content, and loaded with a
predetermined load, usually 500 or 1,000 psf or the in situ overburden stress. The sample

is then inundated and allowed to swell under that load until equilibrium is reached. When
29
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equilibrium has been reached the sample is loaded in the same manner as in a
consolidation test with a rebound cycle. The swell pressure has traditionally been defined
as the load necessary during consolidation to return the sample to its initial void ratio and
the swelling index has traditionally been assumed to be the slope of the rebound curve.
The second general method is the controlled strain test. Like the consolidation-swell test,
a sample is placed in an oedometer at its natural water content and loaded to some
predetermined load. The sample is then inundated and pressure is applied to prohibit
volume change due to swell. When the sample reaches equilibrium it is then loaded as in
a consolidation test with a rebound cycle. The swell pressure is defined as the pressure
developed in the constrained sample during inundation. The swell index is the slope of
the rebound curve.

These two approaches represent the bounding conditions of what actually occurs in the
field. The consolidation-swell test over estimates the swell pressure since it allows the
soil to swell freely and then recompresses it to obtain the swell pressure. The controlled
strain test on the other hand prohibits swell. Nelson, Durkee, and Bonner (1998)
proposed a method for estimating the swell pressure and swell index based on results
from both the swell-consolidation test and the controlled strain test. The method is based
on the assumption that the percent swell obtained from the consolidation-swell test is
linearly proportional to the initial surcharge pressure that is applied when the sample is
saturated. Based on this assumption the swell index is a linear function between the point
of maximum percent swell obtained from the consolidation-swell test with zero initial
surcharge and the swell pressure from the controlled strain test.

30
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The main shortcoming of oedometer tests is in the analysis of the data. It is of primary
importance to consider the loading and wetting sequence, surcharge pressure, sample
disturbance, and apparatus compressibility in the analysis. The apparatus compressibility
can be accounted for by loading a steel plug and developing correction factors for each
increment of loading as is normally done in a consolidation test. Nelson and Miller
(1992) and Fredlund (1983) discussed the significance of sample disturbance and present
methods that have been developed for establishing corrected swell parameters. Porter and
Nelson (1980), Fredlund (1983), and Nelson and Miller (1992) recommended the
controlled strain oedometer test as the best method for predicting heave when using an
oedometer test approach. However, more recently the method presented by Nelson,
Durkee, and Bonner (1998) has gained acceptance for evaluation of foundations for
residential structures. Changes in soil suction are accounted for indirectly during the
oedometer test method because the stress path followed during inundation represents a

reduction in soil suction from the in-situ condition to zero. The resulting equation for

heave is:
o', )
p= (2-5)
z l:(l + eo ) ( sc i ]
where: C, = swell index (slope of the rebound curve)
e = final effective stress state
¢, = corrected swell pressure from oedometer tests.

The term z; is obtained by dividing the depth of the active zone into i layers and Equation

2-3 sums over the depth of the active zone.
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23.1.2 Soil Suction Test Approach

In the oedometer tests methods, the change in suction is taken into account indirectly and
the effective stress is the primary stress state variable that is used. In soil suction test
methods for heave prediction, the matric suction, (u,-u,), is taken as the primary
controlling stress state variable. A relationship between void ratio and matric suction is
developed, and the matric suction index is defined as the slope of that curve. The total
volume change is then a function of both the compression or swelling index obtained
from oedometer tests and a void ratio-matric suction relationship.

There have been several approaches developed for determining the suction index. Of
these, there are two that have been shown to predict heave reasonably well. The first
method was developed at the U.S. Ammy Corps of Engineers Waterways Experiment
Station (WES). The WES method of heave prediction is based on the relationship in

Equation. 2-4. The suction index, C_, is estimated as:

aG
= 2.
*  100B (2-6)
where: o = the compressibility factor
B = slope of suction versus water content
G, = specific gravity of solids.

The compressibility factor is the slope of the specific volume versus water content curve.
Johnson (1977) noted that since the compressibility factor for highly expansive clay is

close to unity, substitution of unity for « in the calculation of C, is conservative.
The second approach to predicting heave based on soil suction tests is known as the

CLOD test. It was initially developed at the New Mexico Engineering Research Institute
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and developed further by Hamberg and Nelson (1984) (also see Nelson and Miller, 1992).
In this test a sample of soil is coated with a saran resin that is impermeable to water but
permeable to air. The volume of the coated sample can be determined by immersing it in
water; and the water content at various points of drying can be determined by weighing
the sample. The slope of the void ratio versus water content relationship is the CLOD
index, which is analogous to the compressibility factor mentioned above. If the

contribution due to change in effective stress is neglected, then Equation 2-4 can be

written as:
2 C, Aw
p= z, 2-7
= L+eg
where: C, Aw = the change in void ratio.

Because Equation. 2-7 assumes that there is no change in effective stress, this method
predicts the free-field heave (i.e., the heave at the ground surface with no load applied).
The free-field heave is used in the design of lightly loaded slabs and in the prediction of
pier movement (Nelson and Miller, 1992).

Hamberg (1985) and Miller, Durkee, Chao, and Nelson (1995) used data collected at the
Colorado State University Expansive Soils Test Site to estimate the long-term heave for
that location. Comparison with the observed behavior at the test site and in nearby

structures founded on the same soil showed good agreement.

232 Active Zone Depth

The methods described above provide constitutive parameters for heave prediction and

design of foundations. However a fundamental parameter for heave prediction for either
33
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general method presented above is the active zone depth. Active zone depth, as defined
in Chapter 1, is “the zone in the soil beneath a structure that is contributing to the actual
heave that takes place at some point at the surface at a given time (t).” In the heave
prediction equations the heave of individual soil layers is summed over the depth of the
active zone. As discussed in Chapter 1 the active zone depth is a time dependent, site
specific parameter and is a function of a number of variables including, soil properties,

soil profile, climate, and loading conditions.

233 Edge Moisture Variation Distance

The definition of edge moisture variation distance is presented in Chapter 1. In general
two modes of swelling occur beneath a slab foundation, “center lift” and “edge Lift”.
Figure 2-3 shows both conditions with their associated design parameters. The center lift
condition generally represents a long-term condition resulting from wetting beneath the
center of the slab, drying around the edges of the slab, or a combination of both. The
edge lift condition is considered to be a short-term condition resulting from wetting at the
perimeter of the slab often as a result of irrigation or large climatic events. As water
content increases at the center of the slab after sufficient time, the center will heave until
a uniform field of heave or center lift conditions are developed.

The soil design parameter e, shown in Figure 2-3 is referred to as the edge moisture
variation distance (PTI, 1980). The magnitude of edge moisture variation distance
depends to a large degree on climate and external conditions such as irrigation and lot
grading. In arid locations with a high degree of evaporation and a center lift condition the

edge moisture variation distance can be quite farge. Likewise, in wetter climates with an
34
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edge lift condition the edge moisture variation distance is large. Due to the correlation
with climate, PTI (1980) presented a method for predicting edge moisture variation
distance based on the Thomthwaite moisture index. This method, which was developed
by Wray (1978) is shown graphically in Figure 2-4. Based on the relationship shown in
Figure 2-4, the maximum edge moisture variation distance is 5 to 6 feet. A disclaimer is
provided to note that for some highly active clay the edge moisture variation distance can
be greater than the values given in Figure 2-4. As discussed in Chapter 1 McKeen and
Johnson (1990) stated that the edge moisture variation distance is equal in magnitude to
the depth of the active zone for slabs-on-grade. Also as discussed in Chapter 1, Nelson
and Miller (1992) stated that the edge moisture variation distance is the most difficult

parameter to determine.

2.4  Previous Field Studies

A number of field studies have been conducted which provide information that is useful
for developing moisture migration and heave prediction models. Many of the field
studies have been conducted on existing light structures where initial data has not always
been available. Several researchers have constructed simulated slabs-on-grade where the
conditions can be controlled to provide particular information for specific procedures.

Donaldson (1965) conducted a study on lightly loaded structures in South Africa.
Elevation data was collected at various depths on a number of houses to establish the time
necessary for equilibrium. The results showed that the soil continued to heave for
approximately 5 years and that soil swelling occurred to a depth of over 40 feet. The

authors also noted the time for equilibrium varied with depth and soil type.
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Tucker and Poor (1978) conducted a comprehensive field study on residential slab
foundations that had been designated for removal for the installation of a highway. The
homes were founded on expansive soil and designed according to Federal Housing
Authority (FHA) specifications. Among the data that was collected for their study the
authors measured water content and heave from several locations beneath the slabs. The

results of data collected from 69 slabs on highly expansive soils indicated the following:

o The highest water contents occurred beneath the center of the slabs and
averaged about 4% higher than the perimeter measurements.

e Water content became relatively constant with depth below about 7 ft.
e Most of the slabs showed differential movement of a convex shape.
o Significant differences in differential vertical movements occurred between

the winter and summer. Differential vertical movements increased almost

30% from winter to summer, even though the slabs had been in place for

several years.
Uppal (1965) reported that an impermeable membrane used beneath a roadway reduced
the seasonal moisture fluctuations in the soil. Water contents were taken beneath the
covered section and beneath uncovered sections. The water content beneath the covered
section varied only by a few percent while the water content beneath the uncovered
section ranged from the shrinkage limit to the plastic limit.
Nelson and Edgar (1978) showed that an impermeable cover placed on the soil surface in
an arid climate will cause moisture to move upward and accumulate near the surface.
They concluded that the increase in moisture was due to the elimination of evapo-
transpiration at the surface.
Goode (1982) conducted a field study on expansive Pierre shale to investigate moisture

migration beneath slabs and the effectiveness of vertical barriers on controlling lateral
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flow. Water content was monitored at various locations beneath the slabs. A neutron
probe was used to measure water content at I-foot intervals to a depth of 15 feet. Figure
2-5 shows two profiles from a simulated slab. The plot for location C-6 near the edge,
shows an active zone depth that increased to a large depth with time. The plot for
location C-1 in the center did not show a significant increase in water content. From
these results Goode (1982) concluded that one-year of data is not sufficient to determine
the active zone depth.

Hamberg (1985) used the field sites constructed by Goode (1982) to evaluate a laboratory
method for predicting heave beneath slab foundations. Field data was collected from the
same site to provide a total of three years of water content and elevation data. Water
content profiles from the same two locations C-1 and C-6, from Goode's data, are shown
in Figure 2-6 after three years of readings. The data from location C-1 at the center of the
plot indicates that the depth of water content increase after 3 years had increased to 6 to 8
feet. Data from location C-6 indicated a depth of water content increase in excess of 15
feet. Hence, the depth of water content increase was shown to increase significantly with
time. Also in comparing the data from C-1 with that from C-6 it appears that the edge
moisture variation distance is as much as half the width of the slab indicating a larger slab
is necessary to determine edge moisture variation distance.

Figure 2-7 shows the record of precipitation over the three-year period in which Goode
(1982) and Hamberg (1985) conducted their investigations. The precipitation in 1982
and 1983 was considerably higher than in 1981 and may have contributed to the increase
in wetting depth. Also the water content tended to fluctuate over a 6-month period

38
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between times of decreasing and increasing precipitation particularly at the edge of the
slab indicating the effect of climate on edge moisture variation distance.

McKeen and Johnson (1990) collected field data from airport pavements on expansive
soils to use in the development of a method for estimating active zone depth and edge
moisture variation distance. A simple one-dimensional diffusion equation developed by
Mitchell (1979) was used to calculate suction changes in the vertical direction. The
resulting movement was computed directly from the measured suction. The authors
concluded that given the proper coefficients determined with reasonable accuracy in the
field, the simple diffusion equation could be used to estimate soil moisture variation.
Wray (1992) constructed two field test sites for comparison of long-term shrink-swell
behavior to heave prediction based on soil suction. The test sites were located in areas
with different climatic conditions; one wet and the other dry. The measured total heave
values at both sites approached but did not exceed the predicted values after 36 months of
observation. However, the data by Goode (1982) and Hamberg (1985) indicated that 36
months is insufficient time for the maximum heave to develop as a function of climate

only.
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CHAPTER 3
FIELD TEST SITES
Field investigations conducted for this research utilized simulated slabs-on-grade at field
test sites at Colorado State Un;versity (CSU) and Fort Sam Houston (FSH) in San
Antonio, Texas. The sites were instrumented to monitor water content, soil suction, and

heave.

3.1  Field Sampling

Soil samples were collected at the sites using both continuous barrel samples and
California drive-samples. The samples were tested to determine soil properties and

constitutive parameters for the analyses.

3.1.1 Colorado State University Soil Sampling

Three boreholes were sampled at the CSU site in September 1992 using a hollow stem
auger and core barrel sampler lined with clear plexi-glass tubes shown in Figures 3-1 and
3-2. The boreholes were located along the centerline of the proposed plot in an east to
west orientation with B-1 along the east edge and B-3 along the west edge. B-1 and B-3
were located approximately 1 to 2 feet inside the edge of the constructed simulated slab.
B-1 was sampled to a depth of 24 feet. A California drive sampler was used for sampling
to a depth of 7 feet and a split barrel sampler was used to obtain continuous samples from

7 feet to 24 feet.
43
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Figure 3-1  Photo of hollow stem auger used for initial sampling of CSU site.

Figure 3-2  Photo of split-barrel sampler and plexi-glass tube used for sampling at the
CSU site.
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Boreholes B-2 and B-3 were both sampled continuously to 19.5 feet using a split barrel
sampler. A total of twenty, 4-inch California samples were obtained from borehole B-1
and a total of twenty-four 2.5-foot continuous samples were obtamed from the three

boreholes combined.

The Pierre shale at the CSU site is characterized by varying degrees of weathering. A
typical sample is shown in Figure 3-3. In each of the three boreholes, approximately 2 to
6 inches of vegetation and silt is underlain by a yellowish-tan clay to a depth of
approximately 3 to 5 feet. A reddish yellow clay extending to a depth of 5 to 7 feet was

found in boreholes B-1 and B-2 that was not observed in borehole B-3.

The clay is underlain by reddish brown weathered clayshale that extends to approximately
20 feet. In all three boreholes, several bentonite seams ranging from 4 to 6 inches thick
were observed at various depths. In addition, a shattered weathered clayshale,
approximately I-foot thick, was observed below the deepest bentonite seam. Figure 3-4

shows the soil profile developed from the three boreholes sampled at the CSU site.

A piezometer was installed approximately 5 feet east of the foundation (see Figure 3-17).
The piezometer was completed at a depth of 28 feet with a screen length of 2 feet. The
hole was backfilled with sand around and up to 2 feet above the top of the screen. The
remainder of the hole was backfilled to the ground surface with a bentonite grout mix.
The three sampling holes also were backfilled with bentonite grout mix. To date there has

not been any water present in the piezometer indicating that the water table is below 28
feet.

45
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Figure 3-4  Soil profile at the CSU site
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3.12 Fort Sam Houston Soil Sampling

Five boreholes were excavated at the FSH site using a hollow stem auger shown in Figure
3-5 and samples were collected with thin-walled tube samplers. Four of the boreholes
were located 3 to 4 feet towards the center from each corner of the constructed simulated
slab, and the fifth hole was located in the center. Each borehole extends to a depth of
approximately 6 feet where a clayey gravel stratum was located. Three thin-walled tube

samples were taken from each borehole with each tube pushed 2 feet.

The FSH site is characterized by approximately 6 inches of vegetation and white gravel
underlain by black plastic clay of medium stiffness that extends to a depth of 5 to 6 feet.
The black plastic clay is underlain by clayey gravel that extends to approximately 8 feet.
The gravel layer is underlain by yellow gravelly medium stiff clay that extends to
approximately 20 feet where stiff yellow clay shale is located. Sampling was conducted to
a depth of 30 feet. Borehole logs from sampling that was done by the U.S. Army Corps
of Engineers for the construction of a nearby structure shows a similar profile. Figure 3-6

shows the soil profile of the FSH test site developed from the sampling.

Two piezometers were also installed 3 feet south of the foundation plot. The first
piezometer (PZ-W, see Figure 3-18) was completed at a depth of 20 feet with a screen
length of 2 feet. The hole was backfilled with sand around the screen and up to 2 feet
above the top of the screen. The remainder of the hole was backfilled to the ground
surface with a bentonite grout mix. Before PZ-W was installed, the borehole was
extended to a depth of 30 feet. California samples were obtained at 12 feet, 15 feet, 20

feet, 25 feet, and 30 feet.
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Figure 3-6  Soil profile at the FSH site
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A second piezometer (PZ-E, see Figure 3-18) was installed 6 feet to the east of PZ-W.
PZ-E was placed at a depth of 5 feet such that the bottom of the screen is located at the
bottom of the black plastic clay. A 2-foot screen was placed using sand as a backfill to
approximately 2 feet above the top of the screen. The remainder of the hole was
backfilled to the ground surface with bentonite grout mix.

To date no water has been measured in either piezometer indicating that the water table is
below 20 feet. However, water has been detected in a number of access tubes that were
installed for measuring water content with a nuclear moisture gauge. The access tubes are
sealed at the bottom with a threaded plug. The water that is present in the tubes may be
due to leakage through damage incurred either during installation or as a result of lateral
pressures developed during swell.

The soil at the FSH site is characterized by large desiccation cracks that form during
extended dry periods. Very little precipitation had occurred at the site during the 3
months before the liner was placed. At the time of construction, large desiccation cracks
were observed in the upper 2 to 3 feet of soil. When a large precipitation events follow
extended dry periods at the site, the desiccation cracks provide a conduit for flow of
surface water to a depth where cracking ceases. It is believed that free water is then able
to migrate into the damaged water content access tubes and is not able to escape if the
damage is above the bottom of the tube. The reason that water is not detected in the
piezometer is that water that accumulates in the piezometers during the precipitation

events is able to flow freely out, through the screened portion at the bottom.
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3.2  Description of Test Sites

The FSH site is located at the Waterways Experiment Station Expansive Soils Test Site on
the Fort Sam Houston Army Base. The test site is located on level ground that extends
approximately 500 feet in every direction before dropping slightly to a lower elevation
northeast of the site. The proximity of the test site to surrounding buildings is shown in

Figure 3-7.

The CSU site is located at the Geotechnical Engineering Expansive Soils Test Site on the
Foothills Research Campus of Colorado State University. The proximity of that test site

to surrounding buildings and the general topography of the area are shown in Figure 3-8.

Two sites were installed to evaluate the effects of different soil properties, geologic
conditions, and climatic conditions on the moisture migration patterns beneath the slab.
The rate of evaporation from the soil surface has a direct effect on the active zone depth
and edge moisture variation distance. Evaporation is a continuation of vapor flow from
the surface and is a function of wind velocity, surface roughness, relative humidity, air

temperature, vegetation, degree of saturation, and surface temperature.

Daily temperature, precipitation, and wind velocity data for the FSH site were collected by
the climate center at Randolph Air Force Base in San Antonio, Texas. Daily temperature,
relative humidity, solar radiation, hourly and daily precipitation, and wind velocity data for
the CSU site were obtained from the Colorado Agricultural Meteorological Network
(CoAgMet) Station ft01:Fort Collins, AERC, located approximately 4 miles northwest of

Fort Collins at the Agricultural Engineering Research Center (AERC).
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Figure 3-7  Site location at Fort Sam Houston in San Antonio, Texas.
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The average temperature in San Antonio ranges from approximately 50 degrees-F in the
winter to approximately 75 degrees-F in the summer. The average annual precipitation is
approximately 35 inches. Fort Collins, Colorado has a semi-arid climate with
approximately 15 inches of precipitation per year. The relative humidity is normally low,
ranging between 10 and 50 percent. Winter temperatures can be as cold as —20 degrees-F
and summer temperatures can reach 100 degrees-F. The skies are usually clear with over

300 days of sunshine each year.

3.2.1 Construction of Test Slabs

A typical cross-section of the simulated slab foundation that was installed at both sites is
shown in Figure 3-9. Each site was equipped with 49 neutron probe access tubes. The
access tubes were constructed with 2-inch inside diameter, schedule 40 PVC pipe. The
access tubes were installed to depths of 20 feet at the CSU site and 5 feet to 6 feet at the
FSH site where a gravel layer was encountered. A drag bit with compressed air was used
to drill 2.25-inch diameter holes and the access tubes were then placed by hand to the
required depth, see Figures 3-10 and 3-11. Plugs used at the bottom of the access tubes

to keep water out are shown in Figure 3-12.

A 2-foot trench was excavated around the perimeter of each site to allow the installation
of a drainage system. Gundle Lining Systems Inc. provided the Gundseal HDPE liner
which was placed over the site as an impermeable cover. Figure 3-13 shows the liner and
the recommended seal. The liner was placed in two 17.5-foot wide sections with a 1-foot
overlap. Figure 3-14 shows the liner in place after 2.5-foot long PVC extension sections

were installed on the access tubes.
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Figure 3-10 Photo of the drag bit used for excavating access tube holes at both sites.
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Figure 3-11  Photo of installation of PVC access tubes.
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Figure 3-12  Photo of the PVC neutron probe access tube connection and bottom plug.
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Figure 3-13  Schematic of the HDPE liner from Gundle Liming and the recommended
method of seaming

Figure 3-14 Photo of liner in place with 2.5-foot PVC extensions
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A small incision was made to accommodate the extensions. A rubber chimney boot was
used to seal around the tube to ensure that surface water was not able to seep down along

the sides of the tube.

A total of 42 survey monuments were placed on the surface of the liner. Hemispherical
survey monuments were used to allow for differential movement of the monument without
distorting the actual survey readings. As the hemisphere rotates, the radius from the
center remains constant. The survey monuments were constructed of fiber reinforced
Quickcrete in 6-inch diameter hemispherical molds. Lag screws were placed in the
molded Quickcrete such that 8 inches of the screw extended from the bottom of the
monument. The monuments were then placed by threading the lag screw through the liner
and into the soil. A small bead of caulk was placed around the lag screw to seal the hole
in the liner. The survey monuments were encased inside 6-inch diameter PVC pipes,

which were caulked to the liner and equipped with covers.

A 6-inch layer of gravel was placed on the liner and the PVC pipe allowed easy access to
the survey monuments, which are on the liner surface. The caulked seal between the pipe
and liner keeps the area dry, reducing the possibility of water seeping through the liner at

the hole made by the monument lag screw.

The HDPE lmer was placed such that it extended into the 2-foot trench around the
perimeter of the site. The trench was placed to ensure that the excess surface water from
the area around the site did not flow onto the liner and water on the liner from
precipitation was directed away from the site. Hence, any water content increase under

the center of the slab is due to the Iiner effects on evaporation and evapo-transpiration and
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lateral flow beneath the surface from wetting of the perimeter soil during precipitation

events and snow melt.

A 4-inch PVC drainage pipe and %-inch gravel were placed in the trench to allow free
flow of water away from the site. At the CSU site surface water flow is predominantly
downhill to the southeast away from the plot. A pit was excavated and backfilled with
gravel approximately 40 feet from the FSH site to allow drainage away from the slab.
Figure 3-15 shows the site at FSH with the access tubes, survey monuments, and drains in
place and the gravel being placed. Figure 3-16 shows the completed CSU site. Figures 3-

17 and 3-18 show the plan views of the CSU site and the FSH site respectively.

33 Field Measurements

Field data was collected monthly at both sites. At the CSU site water content, density,
and elevation data were collected beginning January 10, 1993. Soil suction and soil
temperature data were collected monthly from September 30, 1993. At the FSH site

water content and elevation data were collected monthly beginning September 10, 1993.

33.1 Water Content and Density Data

A Campbell Pacific Nuclear Corp. (CPN) 501 DR depth probe was used to collect water
content and density data at the CSU site. Measurements were taken at 1-foot intervals to
a depth of 20 feet. The model 501-DR depth density-moisture gage measures sub-surface
density and moisture using a probe containing a gamma source and a Geiger mueller (GM)
detector for density and a fast neutron source and thermal neutron detector for moisture

(CPN, 1984).
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Figure 3-16  Photo of completed CSU site.
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The time of reading can be adjusted from 1 second to 256 seconds. The operating manual
states that a count of 16 seconds is sufficient for measuring water content. The effects of
count time on accuracy were also verified as part of this study. Several measurements
were taken at various depths to obtain water content profiles for count times ranging from
1 second to 256 seconds. The results showed that increasing the count time to higher than
16 seconds had no effect on the water content measurements. Therefore, 16-second count
times were used for this investigation. Appendix A contains the count time verification

and the field calibration for the gauge.

At the FSH site a Troxler Laboratories model 105-moisture probe and a 2651 scalar rate-
meter were used to collect water content data. The Troxler device does not measure
density. Water content measurements were taken at I-foot intervals to a depth of 5 feet.
The field calibration for this gauge is presented in Appendix A. Count data was collected

manually from the Troxler gauge and reduced using the calibration in Appendix A.

332 Elevation Data

Elevation data at the CSU site and the FSH site were collected using conventional
surveying equipment. [Initial elevation readings were taken immediately following the
installation of the survey monuments at both sites. Benchmarks were previously installed
at both sites, and were used as reference elevations. In this manner the incremental

monthly elevation change and the cumulative elevation change were determined.
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333 Total Suction and Temperature Data

Three sets of nested thermocouple psychrometers (TCP) were installed in drill holes at the
CSU site. Two sets were placed at locations under the liner and one set was placed
adjacent to the liner. The TCP's were used to monitor change in suction and temperature
versus time and depth in the soil. Each hole was equipped with six TCP's at depths of 2

feet, 5 feet, 8 feet, 11 feet, 14 feet, and 17 feet.

The boreholes were excavated at each location using a 4-inch hollow stem auger and 2-
inch split barrel continuous sampler. Laboratory water content and soil suction, using the
filter paper method, were obtained from the core barrel samples. The cuttings from the

borehole were used as backfill during mstallation of the TCP's.

TCP’s measure relative humidity in the air phase of the soil pores. The relative humidity is

related to the total suction by the relationship shown in Equation 3-1:

@ = —RIPw ln( gy ) @-1)

o, U,

where: total suction

universal gas constant

absolute temperature

density of water

molecular mass of water vapor
partial pressure of pore-water vapor
saturation pressure of water

EFFEP MG
oo

§

The TCP's used for this research were developed by JR.D. Merrill Specialty Equipment
Company in Logan, Utah. The relative humidity is measured in accordance with Peltier
cooling and Seebeck thermoelectric effects. The TCP consists of two wires of different
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material (in this case, constantan and chromel) which are welded together to form a
junction. The other ends of the wires are comnected to copper lead wires to form a
reference junction where a constant temperature is maintained. The Peltier effect is used
to cool the thermocouple junction to the dew point temperature of the surrounding
atmosphere, condensing water vapor on the junction. When the current is stopped the
water evaporates to the surrounding- atmosphere, which causes a temperature drop. The
decrease in temperature is a function of evaporation rate, which in turn is a function of
water vapor pressure. Hence, the relative humidity can be computed, by using the
Seebeck effect, to measure ambient temperature and temperature reduction due to

evaporation.

The filter paper method developed at the New Mexico Engineering Research Institute
(NMERI) was used for measuring soil suction for this research. Calibrated filter papers
were equilibrated with field soil samples in a closed container for a period of time at a
constant temperature. After equilibration, the filter papers were removed, weighed and
dried for moisture content determination, and correlated with soil suction by the following
relationship:

Log(y, kPa)=0.0599w+4.8828 3-2)
where: w = gravimetric water content.
This calibration is specific to the filter paper that was used. A separate calibration should
be conducted for other tests to account for moisture characteristic variability of the filter

paper.
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CHAPTER 4

PROPERTIES OF TEST SOILS

Geotechnical laboratory tests were conducted on samples obtained from the CSU site and
the FSH site. The laboratory test results were used to classify the soil using traditional
geotechnical classification methods and to determine soil properties and constitutive

parameters for the analyses.

4.1  Classification

Atterberg limits tests were performed in accordance with ASTM D 4318. The liquid limit,
plastic limit and plasticity index were used to classify the soil with respect to heave
potential. Tables 4-1 and 4-2 show the Atterberg limits and the relative classifications by
several methods for the CSU and FSH soils (Pierre shale and Texas soil), respectively.
The natural water contents were obtammed immediately after the samples arrived at the

laboratory.

Classification of the Pierre shale indicates a "very high" potential for heave in the upper 7
feet. From 7 feet to approximately 10 feet the Pierre shale has a "high” potential for
heave. Below 10 feet the Pierre shale classifies as having a "medium” potential for heave.
The Texas soil appears to be homogeneous in terms of heave potential. The plasticity
index increases slightly with depth, but all values indicate a "very high" or "critical” heave

potential

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The data in Table 4-1 also show an important trend that has been observed in soils from
arid climates. The water content, of the Pierre shale, at the time of sampling was below
the plastic limit. The water content of the Texas soil, shown in Table 4-2, was
approximately equal to the plastic imit. However, as mentioned above, the water content

of the Texas soil at other times of the year is less than the plastic limit.

Soil profiles from a number of locations around the world are shown in Chapter 7 of
Lambe and Whitman (1969). In those profiles, the natural water contents at locations
having highly overconsolidated clays are about equal to the plastic limit. No sites

indicated natural water contents below the plastic limit.

4.2  Consolidation Tests

Consolidation-swell tests and controlled strain tests were conducted on samples from
various depths at each site to characterize the soil and determine heave prediction
constitutive parameters. ASTM standards were followed for the swell tests except for

minor changes due to equipment limitations.

The Pierre shale at the CSU site is highly overconsolidated and the natural water content
is below the plastic limit. As a result the soil is extremely friable and it is difficult to load
an undisturbed sample in a consolidometer. Therefore, remolded specimens compacted to
the approximate field density were used for consolidation-swell and controlled-strain tests

that were conducted on Pierre shale.
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Table 4-1 Results of Atterberg limits test and heave potential classification for the Pierre shale (CSU site)
[ R R
' Heave Potential Classification Profiles
Depth Plasticity Holtz and Gibbs Altmeye  Chen
() w®%) LL PL Pl SL' Chart (1956)* (1955 (1988 0 20 40 60
2 104 56 22 34 12 CH H-VH C H HYHHHEE
3 125 64 19 45 CH VH C VH L byl
4 123 64 18 46 CH VH C VH Ry *F AR R
5 129 57 22 35 12 CHCL M-H M VH 4 |-@mee
6 132 55 23 32 14 CHCL M NC H i aakeii s
7 134 56 21 35 11 CHCL H M vi L
B FIT YT T
8 122 51 21 30 13 CHCL H M H g L em il
{ [ ! i {
9 137 54 25 29 16 CL-CH M-H NC H - [
10 128 46 25 21 18 CL L-M NC Mo 10 ; |
11119 4 24 20 18 CL L-M NC Mo HdadHtHn
125 115 46 20 26 13  CL M NC M B4 i,_&_ L
4 123 51 20 31 12 CLCH H M Ho 14 g
1S 1.6 43 21 22 15  CL M NC M - - %-{‘-/f’”“’
16 ..}. ! : @ wn
155 107 41 23 18 17  CL M NC M S AR (e
165 114 4 21 20 15  CL M NC Mo LRy
175 104 45 23 22 16  CL M e M Bl é]li o
19 126 4 23 18 17 CL L-M NC Moo Lillritltlily

P U S
1 Computed Value (Holtz and Kovacs, 1981); SI. =20 Ap)

2 VH=very high, H=high, M=medium, and L=low

3 C=critical, M=marginal, and NC=noneritical
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Tables 4-3 and 4-4 show the results from consolidation-swell tests and controlled strain
tests conducted on remolded Pierre shale and undisturbed Texas soils, respectively. The
void ratio-log ¢’ curves from the consolidation-swell tests and controlled strain tests are

shown in Appendix B.

A standard consolidation test (ASTM D 24555) was also conducted on an undisturbed
sample of Pierre shale. The soil was saturated in the sampling tube prior to extrusion thus
allowing it to be loaded into the consolidometer with minimal disturbance. The results of
the standard consolidation test on the undisturbed sample of Pierre shale indicates that the
compression index, C., is equal to approximately 0.085 and the slope of the rebound curve
is approximately 0.06. The swell index values presented in Tables 4-3 and 4-4 were
obtained from the rebound curves of their respective tests. The value obtained from the
standard consolidation test is slightly higher than the values from the consolidation-swell

test and the controlled strain test.

43  Hydraalic Properties

The saturated hydraulic conductivity, diffusivity, and the soil water characteristic curve
(SWCC) were determined for both soils as part of the laboratory investigation. The
SWCC is a fundamental parameter in unsaturated flow processes and can be used with the
saturated hydraulic conductivity to estimate the unsaturated hydraulic conductivity
function (Fredlund and Xing (1994); Brooks and Corey (1964); Gardner (1958); Richards
(1931); and others). In addition the SWCC and diffusivity fimction can be used to
indirectly estimate the unsaturated hydraulic conductivity function (Bruce and Klute,

1956).
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Table 4-3 Results of controlled strain consolidation (SC) tests and consolidation-
swell (CS) tests conducted on Pierre shale.

Sample

Test Depth Wi O’

Type (ft) & (%) (o %Swell (psf)
SC 20 0.73 3.7 0.025 - 700
SC 5.0 0.57 10.4 0.038 - 3000
SC 10.0 0.70 9.8 0.051 - 1400
SC 17.0 0.74 114 0.20 - 1400
CS 5.0 0.61 10.0 0.042 5 6000
CS 8.5 0.59 10.4 0.03 3.8 9000
CS 12.5 0.57 10.1 0.022 1.9 4400
CS 17.5 0.59 1.7 0.020 3.8 6000

1. Swell index was obtained from the slope of the slope of the rebound curve.

Table 4-4 Results of strain controlled consolidation tests (SC) and consolidation-
swell tests (CS) conducted on the Texas soil.

Sample

Test Depth Wi O

Type (ft) & (%) C! %Swell (psf)
SC 1.5 0.98 284 0.050 - 600
SC 3.5 0.82 217 0.051 - 6400
SC 5.0 0.60 20.8 0.033 - 7000
CS 1.5 0.66 179 0.05 7.8 12400
CS 3.0 0.61 213 0.83 9.2 17000
CS 45 0.55 204 0.05 11.6 38000
CS 5.0 0.53 213 0.05 72 46000

1. Swell index was obtained from the siope of the slope of the rebound curve.
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43.1 Saturated Hydraulic Conductivity

Saturated hydraulic conductivity tests were conducted on undisturbed samples of the
Pierre shale and the Texas soil using a rigid-walled, falling head water-rising tail water test
apparatus. Plexi-glass sampling tubes were cut into approximately 3-inch long sections
and custom fitted with machined end caps and rubber o-rings for controlling water
pressure through plexi-glass accumulators attached to both ends of the samples. Two
tests were conducted on each soil type. The samples were loaded mto the testing
apparatus at their natural water content. A water pressure of 5 psi was applied to the
bottom of the apparatus to mitiate flow across the sample. The height of water in the

accumulators was then measured daily for one-month to allow calculation of the hydraulic

conductivity.

The tests were conducted until the final hydraulic conductivity values were considered to
be steady-state values. Weight volume calculations after the tests were completed
indicated that the degree of saturation of the samples was close to 100 percent at the

completion of the tests.

The results of the tests are presented in Table 4-5. Test data are presented in Appendix B.
No results were obtained for the Pierre shale in Test number 3. Attempts to induce flow
in Test number 3 with a pressure gradient failed throughout the test period due to very
high flow rates under low gradient. The high flow rates were attributed to either sample

disturbance and fracturing or side wall leakage.
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Table 4-5 Saturated hydraulic conductivity test results from falling head water rising

tail water tests
Test Number Soll Type _ Void Ratio Hydraulic Conductivity
(ft/sec)
1 Pierre shale 0.75 2.0%10™°
2 Texas soil 0.96 2.6*10™"
3 Pierre shale 1.0 n/a
4 Texas soil 0.96 3.2%10"

The hydraulic conductivity values presented in Table 4-5 are low for these types of soils.
It is not possible to control the stress conditions in a rigid wall test. The void ratio of the
Pierre shale samples at the end of the tests was approximately 0.75 and 1.0 for Tests
numbers [ and 3 respectively. The void ratio of the Texas soil was 0.96 for both tests.
Field water content and density measurements from the CSU site indicate that the void
ratio of the Pierre shale ranges from approximately 0.7 to 1.2. The lower void ratio values
typically occur in the deeper soils that are not as weathered and where the stress
conditions are high enough to reduce swell and fracture opening. Density measurements
were not obtained at the FSH site. It is believed that the samples in Tests number 1, 2,
and 4 developed a significant amount of swell pressure during the test. The rigid walled
apparatus prohibited swell and limited the expansion of fractures resulting in the low

measured flow values.

The saturated hydraulic conductivity was also measured on the Pierre shale during the
standard consolidation tests discussed in Chapter 4.1. The oedometer was instrumented

with a falling head apparatus to allow measurement of the change in head across the
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sample at the end of each loading increment. The measured and calculated hydraulic
conductivity values and loading conditions are presented in Table 4-6. The calculated
values were determined using the relationship between the coefficient of consolidation and
permeability, from consolidation theory. In general the measured values are consistent
with the calculated values except at the initial loading. The relatively high measured value

at the initial loading is likely due to sidewall leakage at low stress.

Table 4-6 Hydraulic conductivity test results from consolidation tests

Hydraulic Conductivity

Load (psf) Equivalent Void Ratio Measured Calculated'
Depth (feet) (feet/sec) (feet/sec)

647 7 0.752 1.5*10° 13%107
1294 14 0.712 2.7%107 7.8*%10°
2588 28 0.666 3.7¢10° 1.3*10%
5177 56 0.651 - 9.3¥10”
10445 112 0.63 - 5.3¥107
20684 222 0.606 - 3.1¥10°

1. Hydraulic conductivity calculated using k = fvlp—:e& (Holtz and Kovacs, 1981)

0

4.3.2 Unsaturated Hydraulic Conductivity

The unsaturated hydraulic conductivity function was not measured directly as part of this
research. Bruce and Klute (1956) developed an indirect method of estimating unsaturated
hydraulic conductivity using the soil-water diffusivity finction and the soil water

characteristic curve. The soil-water diffusivity function can be developed using the Klute
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cell method (Bruce and Klute, 1956). The soil water characteristic curve (SWCC) is

typically obtained using the pressure plate method.

Durnford and Lorentz (1991) present the theoretical development for the Klute cell

method. The Klute cell test setup is shown in Figure 4-1.

Tubing o s
! Inflow fumnel—> - K
Vs N\ /
({ |
Sopent = L1 |
| nrh
Soil sample ! T
[ gﬂ ,
T T T T T TT1] 1\ |
: i / | o\
. . - - i // e
: . eg
B} ] / o\ |
!l' lilArl HENEEEEG Y /i1
l;’ 0 /’:
' I I Marionz flask A/
Pexfarated plate lmm l\ ! - //
f Pesforated plate A l

Figure 4-1 Klute Cell Apparatus.

The Bruce and Klute (1956) method was used to estimate the unsaturated hydraulic
conductivity for this nvestigation. Cheng (1994) performed the tests as part of the
requirements for his Master of Science degree. The nature of the soils tested made it
difficuit to load undisturbed samples in the standard apparatus, and the tests were
conducted on remolded samples. The same method of compaction was used throughout

both tests in an attempt to provide a consistent soil structure. The Pierre shale and Texas
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soil were air-dried for 24 hours, pulverized to pass a No. 10 sieve, and compacted in the

test mold.

The soil-water diffusivity tests and the pressure plate tests were then conducted using
remolded soil with a dry density of 100 pcf and 87 pcf for the Pierre shale and the Texas

soils respectively.

The unsaturated hydraulic conductivity results from the Bruce-Klute method are shown in
Tables 4-7 and 4-8 for the Pierre shale and the Texas soil, respectively. Figures 4-2 and 4-
3 show the unsaturated hydraulic conductivity as a function of volumetric water content
and suction for the Pierre shale and the Texas soils, respectively. The diffusivity
relationships and the soil water characteristic curves for both soils are presented in Cheng

(1994).

The values presented in Tables 4-7 and 4-8 for unsaturated hydraulic conductivity are
lower than expected for these types of soils. This is likely due to the fact that remolded
samples were used to develop the diffusivity function. In addition the soil water
characteristic curve used to develop the unsaturated hydraulic conductivity function in this

case does not account for volume change.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4-7 Results of Bruce-Klute tests on the Pierre shale.

“Volumetric Water " Soil Water __ Unsaturated Hydraulic
Content Suction Diffusivity Conductivity
(%V) (ft-water) (f¥/sec) (ft/sec)
0.3 165 3.3*10° 4.7¢10™
0.313 120 4.8*10° 10.4*10°
0.325 92 5.2%¢10° 14.8*10™"
0.338 71 5.8*10°% 2.6*10”
0.350 52 1.2*107 6.5%10”
0.363 44 1.7¢107 1.1*10°%
0.375 31 2.4*107 2.3*10°
0.388 29 2.7¢107 3.3*10°®
0.4 22 3.6*107 8.2*10°

Table 4-8 Results of Bruce-Klute tests on the Texas soil.

Volumetric Soil-Water Unsaturated Hydraulic
Water Content Suction Diffusivity Conductivity
(%V) (ft-water) _(ft’/sec) (f/sec)
350 380 5.8%10° 2.5%10™"
363 228 9.0*10° 5.2¢10™"
375 116 1.2*10° 1.5%107"
388 85 1.7¢10° 3.4%10"°
400 51 2.0*10° 5.2%10™
410 36 2.3*10° 8.6¥10™°
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433 Soil Water Characteristic Curve

The CLOD test described in Chapter 2 was initially developed at the New Mexico
Engmeering Research Center and developed firther at CSU to predict free field heave
(Hamberg, 1985). It provides a method for predicting heave using undisturbed samples,
even for the friable soils. A soil water characteristic curve can also be obtained from the
CLOD test. Inthe CLOD test, undisturbed samples are coated with a Saran' F-310 resin
that is permeable to air, impermeable to water, and allows volume change of the sample.

The soil water characteristic curve is then measured on a deforming undisturbed sample.

Chao (1995) conducted CLOD tests on the Pierre shale and Texas soils following the
procedure outlined in Hamberg (1985). The soil water characteristic curves were
obtained using a pressure plate apparatus. Clod samples coated with semi-permeable resin
were placed in the apparatus and their water content was allowed to equilibrate at the
applied air pressure. The water pressure in the sample was maintained at zero by placing
the sample in contact with a saturated semi-permeable ceramic stone. In this manner the
suction in the sample was equal to the applied air pressure. At equilibrium the samples
were weighed to calculate the water content and returned to the pressure plate apparatus.
The suction was then increased (decreased for the wetting curve data) to obtain the next
point. The measured data are shown fitted with the Brooks-Corey and van Genuchten

methods in Figures 4-4 and 4-5.

' Trademark of The Dow Chemical Company
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In general the Brooks-Corey and van Genuchten methods do not provide a good fit to the
data. Chao, Durkee, Miller, and Nelson (1998) used the data presented in this research to

investigate the effects of volume change and test traditional fitting methods. They showed

that soil water retention data obtained from expansive soil while accounting for volume
change is more closely represented by a bi-linear relationship than by the methods

previously developed for rigid soils (Brooks-Corey and van Genuchten methods).

44  Summary of Soil Properties

The results of the laboratory tests that were conducted for this investigation serve to
classify the soil and establish the swell potential. The hydraulic properties can be used to
develop constitutive relationships and for moisture migration modeling. Further
development of the hydraulic properties for use in analyses is presented in Chapter 6. A
summary of index tests and the consolidation tests is shown as a function of depth in

Figures 4-6 and 4-7.

Nelson and Miller (1992) discuss a method for correlating the active zone depth to natural
water content and Atterberg limits. The natural water content is divided by the plasticity
index, and this ratio is plotted as a function of depth. The depth at which w/PI becomes
constant is assumed to be the active zone depth. There has not been much research on
this technique; hence, its reliability is unknown. Plots of w/PI for the Pierre shale and
Texas soils respectively are presented in Figure 4-8 and 4-9. Figure 4-8 indicates that the
active zone depth in the Pierre shale can be at least 20 feet. Figure 4-9 indicates that the

active zone depth in the Texas soil is less than 3 feet.
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In this method the water content is divided by the plasticity index (PI) to account for
varying soil types in the profile. A major limitation to the method is that it is based on the
assumption that the active zone depth is equal to the depth at which the water content in
the natural soil, before construction, becomes constant. As discussed in Chapters 1 and 2

this is not consistent with the definition of the active zone depth that is presented herein.
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CHAPTER §

FIELD TEST RESULTS

The goal of this research was to define and develop an understanding of the two expansive
soil foundation design parameters, active zone depth and edge moisture variation distance.
The purpose of the field investigation was to monitor water content, suction, and heave
beneath two simulated slab foundations, located m different soils and climate
environments. An HDPE geomembrane liner was used to cover a 1,000-square foot plot
area at each site. The liner simulates the effects of slab foundations constructed on
expansive soils by reducing evapo-transpiration. Data from the field investigation was
used to determine the active zone depth and edge moisture variation distance in terms of
the observed moisture migration and heave patterns. The data was also used to determine
the effects of environmental conditions, geologic conditions, and soil properties on active

zone depth and edge moisture variation distance.

5.1 Climate

The active zone depth and the edge moisture variation distance are strongly affected by
infiltration and evaporation rates from the surrounding soil. Infiltration and evaporation
rates are functions of precipitation, temperature, relative humidity, solar radiation, and
wind speed. Climate data including precipitation, air temperature, relative humidity, wind
speed and solar radiation data were obtained from local climate centers for both sites.
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Typical monthly rainfall and daily temperature data are shown in Figures 5-1 and 5-2, for
the FSH site, and Figures 5-3 and 54 for the CSU site, respectively. The average values
presented are based on data collected for 45 years at the FSH site and 30 years at the CSU
site. The majority of rainfall at FSH typically occurs between April and June, and a slight
increase occurs in September and October. The majority of rainfall at the CSU site
typically occurs between April and July. The average daily temperature at the FSH site
varies from 50° F in the winter months to over 80° F in the summer. The average daily

temperature at the CSU site varies from 25° F in winter to over 70° F in the summer.

Figures 5-5 and 5-6 show the average daily temperature trend at the FSH site and the
CSU site, respectively, since the test slabs were constructed. The data in Figure 5-5 show
that during the investigation the average daily temperature at the FSH site varied in a
typical sinusoidal trend ranging from a low of approximately 35° F to a high of
approximately 90° F. This range of fluctuation is greater than the observed average data
presented in Figure 5-2. It is also important to note that at times the average daily
temperature fluctuated by as much as 45° F over two to three days.

The data in Figure 5-6 shows the average daily temperature at the CSU site also varies in
a typical sinusoidal trend but that the range of fluctuation is greater than at FSH. The
average daily temperature at the CSU site ranges from a fow of approximately 0 to 10° F
to a high of approximately 80° F, which is also greater than the range observed from the
average data presented in Figure 5-4. At the CSU site the average daily temperature

fluctuated by as much as 50° F over two to three days.
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Figure 5-1 Typical monthly precipitation at the FSH site.

Avg. Daily Temp. (degrees F)
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Figure 5-2  Typical average daily temperature for each month at the FSH site.
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Figure 5-3  Typical monthly precipitation record for the CSU site.
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Figure 54  Typical average daily temperature for each month at the CSU site.
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Figure 5-6  Daily average temperature data at the CSU
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Figures 5-7 and 5-8 show the cumulative precipitation at the FSH site and the CSU site,
respectively. The cumulative records from both sites show how the precipitation rate

increases at particular times of the year.

At the FSH site (Figure 5-7) the cumulative precipitation generally increases in the spring
and early summer and again somewhat in the fall, as observed in the average data
presented in Figure 5-1. Slightly more than 40 inches of precipitation occurred at the FSH
site between September 1993, when the site was constructed and November 1994, when
monitoring was discontinued.

At the CSU site (Figure 5-8) the cumulative precipitation generally increases in the late
spring and continues into the summer. Slightly less than 120 inches of precipitation has

occurred since the site was constructed in January 1993.

It should be noted at this time that the increased precipitation rate (steeper portions of the
cumulative curves) generally coincide with an increase in the depth of active zone and

edge moisture variation distance. This will be discussed more fully in Chapter 5.2.

Relative humidity data, wind speed data, and solar radiation data were obtained for the
test sites as well. These data do not generally follow a systematic trend. However, they
do influence the development of the active zone depth and edge moisture variation

distance, and they are discussed more fiilly in Chapter 6.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(=]
~

N

o O o 9 ©
8 8 8 &8 8 =

(soyour) uopvdioss | sAlBNWNY

o

¥6-120

vé-inr

p6-1dy

- b6 uer

£6190

g6-1nr

£6-1dy

t6-uer

Date

precipitation at the FSH site

Figure 5-7

140 -

Qo o o
— e

(sayour) uoneidivsl ] sang nuinD

[}

- 86-I0f

- 86-uef

L6Inf

- Le6-uef

- 96-10f

96-usf

- §6Inf

s6-uer

- be-Inr

v6-uer

- £6°Inf

- g6-uef

Date

n at the CSU site

precipitatio

-

Cumulative i

Figure 5-8

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



52 Water Content

Each test site was equipped with 49 water content access tubes. The access tubes were
installed to a depth of 20 feet at the CSU site. The access tubes at the FSH site were
installed to the bottom of the expansive clay where a non-expansive gravelly clay layer
was encountered. The expansive clay layer at the FSH site varied between S and 6 feet in

thickness.

The down-hole nuclear moisture gauge allows measurement at any depth within the access
tubes and measurements were taken at 1-foot intervals for this investigation. The CSU
site was finished on January 10, 1993 and data was collected every 4 to 6 weeks through
November 2, 1997. The FSH site was finished on September 10, 1993 and data was

collected monthly through November 10, 1994. The water content data for both sites are
presented in Appendix C.

Figures 5-9 through 5-14 show selected water content profiles, along row 5 of the test
slab, and from the uncovered soil adjacent to the test slab at the CSU site. Tube locations
are shown in Figure 3-17. Access tube A-5 (Figure 5-9) is located on the eastern side of
the slab, and access tube I-5 (Figure 5-13) is located on the western side. Figure 5-14
shows the average water content from access tubes J-5, E-0, and X-5 located in the
uncovered soil adjacent to the slab. Data from row 5 beneath the slab are shown since it is
a centerline with respect to the north-south orientation. The north south centerline is
shown since a review of all the data in Appendix C indicates that water content changes

along the south side of the slab generally compare well with those along the north side.
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In general the initial water content at the site ranged from approximately 10 to 12 percent
in the upper 5 to 7 feet to approximately 15 percent below 7 feet, and was relatively
constant to a depth of 20 feet. Based on the profiles shown in Figures 5-9 through 5-13,
the water content increase beneath the slab, west of access tube row C is limited to the
upper few feet. In that area the water content near the surface has increased from the
initial values of 10 percent to 12 percent to approximately 15 percent and slightly higher
along the edge (see Figures 5-12 and 5-13). On the other hand the water content near the
surface and at depth on the eastern side of the slab has increased to values between 25 and
30 percent (see Figures 5-9, 5-10, and 5-11). It should be noted that the plastic limit of

the Pierre shale, shown in Table 4-1, ranges from 20 percent to 25 percent.

Results from previous studies conducted by Goode (1982) and Hamberg (1985) at the
CSU expansive soils test site also showed a greater increase in water content generally
occurred near the edge of the slab. However, in those investigations, the water content
did not increase to more than 20 percent and the differential-wetting pattern from east to

west was not observed.

The average water content data from access tubes J-5, E-0, and X-5 in the uncovered soil
are shown in Figure 5-14. That data indicates that during dry times of the year the water
content near the surface (in the upper 5 to 7 feet) of the uncovered soil decreases and

during wet times of year the water content near the surface of the uncovered soil

Increases.
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The Pierre shale is a sedimentary layer of highly overconsolidated clay shale that dips
north—east at about 25°. Figure 5-15 shows a schematic of the dipping beds at the CSU
site. In general, infiltration and evaporation of water from soil is 2 water and vapor phase
flow process typically described by Darcy’s law and Fick's law. In highly
overconsolidated soil the particles are typically aligned parallel to the bedding plane and

the transmission of water and vapor is higher along that plane.

Evaporation Infiltration Slab

Figure 5-15  Schematic of the bedding plane at the CSU site

As a result of placing a simulated slab on the surface, infiltration and evaporation are
reduced and water or vapor that flows from beneath the slab must do so laterally. Since
the permeability and diffusion coefficients are functions of the tortuosity of the flow path,
the rates of infiltration and evaporation will generally be higher in the direction parallel to
the bedding plane. In this case the upward flow component from beneath the slab along
the bedding plane is toward the western side of the slab, and flow perpendicular to the

bedding plane is toward the eastern side of the slab.
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It is believed that the bedding plane orientation has an effect on the wetting distribution,
however, these effects can not be quantified based on the field data alone. Therefore, the
effects of the bedding plane orientation were evaluated more fully with the two

dimensional numerical model in Chapter 6.

The instrument accuracy must also be considered when measuring the amount of water
content increase or determining the active zone depth. A series of readings were taken in
two access tubes at different depths to examine the reproducibility of the CPN nuclear
gauge. The results, shown in Appendix A, indicate that the gauge has a reproducibility of
2 to 3 percent. Examination of the water content data indicates that a 2 to 3 percent
variation in water content occurred in all of the access tubes at all depths. This fluctuation
is attributed to scatter in the gauge. Thus water content increase was based on changes

greater than 2 to 3 percent.

Water content profiles from the FSH site are shown in Figures 5-16 through 5-19. Figure
5-16 is from access tube A-5 on the southern side of the slab. Figures 5-17 and 5-18 are
from D-5 near the center of the slab and I-5 on the northemn side of the slab, respectively.
Figure 5-19 is the average from access tubes J-5, E-10, and X-5 located in the uncovered

soil adjacent to the simulated slab.

The data shown in Figures 5-16 through 5-18 and in Appendix C indicate that the water
content beneath the simulated slab at the FSH site increased steadily for the first 4 or 5
months, and decreases in water content during dry periods were small. In contrast the
data presented in Figure 5-19 from the uncovered soil shows that the water content in the

uncovered soil fluctuates seasonally. This is expected in the uncovered soil.
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The FSH site was completed on September 10, 1993, following a period of 80 days
without precipitation. The highest measured water content in the upper 5 to 6 feet, not
including some suspected erroneous readings at the bottom of some access tubes, is
approximately 19 percent. The water content beneath the center of the slab where the
effects of evaporation or the introduction of water from external sources such as frrigation
or flooding are minimal tends to be very close to 19 percent. However, monitoring of the
FSH site was discontinued after November 1994 and the Limited data does not allow
comprehensive analyses. It should also be pointed out that the plastic limit of the Texas
soil as shown in Table 4-2 is approximately 21 percent, still slightly higher than measured

water contents beneath the slab.

S.2.1 Assessment of the Depth of the Active Zone

Active zone depth was defined in Chapter 1. The water content profiles shown in Figures
5-9 through 5-14 and in Appendix C for the CSU site show a significant amount of
wetting along the eastern side and initial wetting at shallow depths over the entire site. In
general the depth of water content increase at these locations identifies the depth of the
active zone since the soil throughout the depth of water content increase is expansive and

has a swell pressure greater than the overburden pressure within the profile.

However, an important distinction can be made at the CSU site between the depth of the
active zone on the eastern side of the slab and the depth of the active zone on the western

side of the slab. Figure 5-20 shows conceptual water content profiles in a soil deposit that
is fairly uniform with depth.
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Figure 5-20 Conceptual water content profiles for a fairly uniform soil
Considering line A as a fairly deep water table, the hydrostatic equilibrium water content
profile in a fairly uniform soil is represented by the soil water characteristic curve
depicted by line B. During a relatively dry time of the year, the water content in the
upper soil layers is depleted to below hydrostatic conditions and the distribution is
represented by line C. Generally, during wetter times of the year the water content will
increase in the upper soil layers and the water content distribution will look like line D in
Figure 5-20. The depth to which these fluctuations between line C and line D occur is
referred to as the depth of seasonal moisture fluctuation. For this investigation the water

content distribution below that point is referred to as the equilibrium water content.

In general when a slab is constructed at the surface evaporation and infiltration are
significantly reduced and in the ideal case of zero infiltration or evaporation the water
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content approaches the soil water characteristic curve. Small fluctuations will continue

with time near the surface based on the temperature fluctuations and edge effects.

When the surface of the soil at the CSU site was covered the water content in the upper
few feet was approximately 10 to 12 percent and increased to approximately 15 percent at
a depth of 5 to 7 feet. Below 7 feet the water content profile in January 1993 was
constant with depth. Measurements in the uncovered soil shown i Figure 5-14 indicate
that the water content in the upper 5 to 7 feet of soil fluctuates with climate. Therefore,
the upper 5 to 7 feet at the CSU site is the depth of seasonal moisture fluctuation, and for
the purposes of this investigation the water content value of 15 percent represents the

equilibrium water content.

Data from the center and western side of the slab, in Figures 5-12 and 5-13 and other
locations shown in Appendix C, indicate that the water content has increased to the
equilibrium water content and remains relatively constant with small seasonal fluctuations.
Therefore, the depth of the active zone in the center and on the western side of the CSU

site is currently equal to the depth of seasonal moisture fluctuation.

Conversely, data from the eastern side of the slab, in Figures 5-9, 5-10, and 5-11 and other
locations shown in Appendix C, indicate that the water content has increased to between
20 and 25 percent. Therefore, the water content on the eastern side of the site has
increased to values higher than the equilibrium water content. Referring to Figure 5-20
this condition is represented by line E and results from infiltration that is introduced
through irigation, extreme climatic conditions or other external influences. This depth of

water content increase is identified ffom the water content profiles as the depth to which
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the water content has increased to greater than the equilibrium water content. Therefore,
on the eastern side of the slab the depth of the active zone is equal to the depth of water

content increase.

Currently the maximum depth of water content increase identified at the CSU site at
access tube A-S is approximately 18 feet, as shown in Figure 5-9. The water content
increase reached 18 feet by May 1995 and based on these water content profiles has not

been recorded deeper since that time.

Figure 5-21 shows the depth of water content increase for access tube A-5 at CSU and the

cumulative precipitation at CSU as functions of time.
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Figure 5-21  Depth of water content increase and cumulative precipitation as finctions
of time from access tube A-5 at the CSU site
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The depth of water content increase ncreased steadily to approximately 18 feet, the
maximum recorded for this site. However, determination of depth of water content
mcrease from water content profiles is dependent upon interpretation of the data, and
additional water content increases may have occurred that are not distinguishable within
the accuracy of the gauge and frequency of measurement. There were four steep increases
in the first 856 days of the study. These increases generally follow short periods of no
increase and tend to coincide with an increase in the rate of rainfall accumulation. The
rate of rainfall accumulation typically increases in the spring when there is also an increase
in temperature. The increased surface temperature results in a thermal gradient that
causes an increase in downward flow from the warmer to the cooler regions of the soil.
Since May 1995 the depth of water content increase has remained constant indicating that
for the current boundary conditions the soil has reached steady-state water content

distribution and the depth of the active zone is 18 feet.

Figure 5-22 shows the depth of water content increase as a function of time at four
locations beneath the eastern side of the slab. Access tube A-5 is located along the edge,
access tube A.5-3 is located 2.5 feet inward from the edge, and access tubes B-5 and C-5
are located 5 and 10 feet inward from the edge, respectively. The depth of water content
increase is deepest along the edge of the slab (A-5) and decreases with distance inward
from the edge (A.5-3, B-5, and C-5). In addition the time for the water content to

increase near the center of the slab (C-5) is greater than at the edge (A-5).
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Figure 5-22  Depth of water content increase as a function of time at the edge, 2.5 feet
inward, 5 feet inward, and 10 feet inward.

This behavior indicates that an edge Iift condition exists at the CSU site. An edge lift
condition usually exists when water is introduced at the soil surface along the edge of the
slab by precipitation, sprinklers or irrigation. Sprinklers and irrigation have not been used
at the site to introduce water along the east edge. However, as mentioned above, there is
a berm along the eastern edge of the slab that has a tendency to pond water near the edge
of the slab during precipitation events or due to snowmelt. The correlation of depth of
water content increase with steep increases in curulative precipitation and the movement
of water from the edge toward the center, shown in Figure 5-22, indicate that water is
infiltrating from the surface along the eastern edge of the slab and migrating laterally
(westward) and downward. The effects of the berm are likely the cause of the water
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content increases above 20 percent observed m this study bSut were not observed in
previous investigations (Goode (1982) and Hamberg (1985)). Given the likelihood that
water is ponding along the eastern side of the slab it is also likely that the depth of water

content increase will eventually go deeper if the berm is left in place.

The depth of water content increase at the FSH site extended to a depth of 5 feet after
only 53 days from the date of installing the slab. Since the expansive soil layer at the FSH
site extends to approximately 5 or 6 feet and is underlain by gravelly, non-expansive clay,
the maximum active zone depth, by definition, is 6 feet even if the depth of water content
increase was greater than 6 feet. The depth of seasonal moisture fluctuation at the FSH
site also appears to be equal to 5 or 6 feet, based on data in Figure 5-19. Water content

measurements were not obtained in the non-expansive soil beneath 6 feet.
The water content data presented thus far indicate the following:

e Given the current boundary environmental conditions the depth of the active
zone at the CSU site is equal to the depth of water content increase.

e The depth of the active zone at the CSU site currently is 18 feet.

e The water content at the CSU site has increased to values greater than the
equilibrium water content and the plastic limit.

e The maximum active zone depth at the FSH site is 6 feet due to the limited
expansive soil layer thickness.

e The water content at FSH has not reached the plastic limit

In addition the differential moisture migration patterns observed at the CSU site can be

attributed to:

e Reduced evaporative flow due to the placement of the slab at the surface, and
e Ponded water along the eastern side of the slab after precipitation events.
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It is also believed that the bedding plane orientation at the CSU site effects the
development of the active zone and differential wetting pattern that has been observed but

these effects are not definable based on field data alone.

S5.2.2 Edge Moisture Variation Distance

From the water content profiles presented earlier and contained in Appendix C it can be
seen that the water content in the upper few feet of soil beneath the slab continues to
fluctuate with seasonal fluctuations after the soil surface has been covered. Although
there is an initial increase in water content due to the slab construction the cyclical
evaporative and infiltration behavior around the edge of the slab influences the water
content beneath the slab and inward toward the center. The distance inward over which

the water content fluctuates is referred to as the edge moisture variation distance.

The development of the edge moisture variation distance can be observed by plotting the
water content distribution under the slab as a function of position and time. Because of
scatter in the data and general heterogeneity of the soil, it is sometimes difficult to observe
these trends. Figure 5-23 was prepared to demonstrate how idealized data would appear
in such a plot. At a distance, e, sufficiently far from the edge, the water content is shown
to increase initially due to the reduction of evapo-transpiration from the soil. After the
increase to an equilibrium value it remains constant with time. At the edge of the slab the
water content is shown to increase initially and then fluctuate cyclically with seasonal
fluctuations. At imtermediate distances inward from the edge of the slab the cyclic
fluctuations are lower in magnitude. The distance in from the edge at which the

fluctuations are no longer observed is the edge moisture variation distance.
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Warer Content (%)

Edge of Slab

Figure 5-23  Idealized plot of water content as a function of time and distance from the
edge of a slab

Figures 5-24 through 5-31 show the water content-distance-time surfaces for several
locations at the CSU site. The sinusoidal shape at the edge, as shown in the idealized plot,
does not appear clearly in these figures, but comparison of that data with Figure 5-23
allows the reader to observe the pattern of changes that would indicate edge moisture

variation distance.

It was shown in Chapter 5.2.1 that the eastern side of the test slab has experienced a
greater increase in water content than the western side of the slab. Figures 5-24 and 5-25
are for instrumentation lines in the eastern half of the slab. Although the cyclic seasonal
fluctuations are not as definite as depicted in Figure 5-23 it is evident that the water
content fluctuations near the edge of the slab are greater than near the center of the slab.
In Figure 5-24 relatively large fluctuations occur between 0 and 10 feet from the edge of

the slab and some argument could be made that the edge moisture variation distance is as
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high as 17 to 20 feet, half the length of the slab. However, the maximum edge moisture
variation distance is equal to half of the shorter lateral dimension, in this case 15 feet north

to south.

Figures 5-26 and 5-27 show water content-distance-time surfaces for the western half of
the site. An apparent edge moisture variation distance of about 15 feet can be seen. The
remaining figures for the north and south edges of the slab do not indicate clear results

with regard to edge moisture variation distance.

The data presented in Figures 5-24 through 5-31 represents approximately 5 years of data.
When one considers that active heave can continue for 10 or more years and the edge
moisture variation distance is intended to represent a steady state condition, it is evident
that a longer record of data is needed to draw conclusions. However, two-dimensional
numerical simulations were conducted in Chapter 6 that can be used to better estimate the

long-term conditions.

Figures 5-32 through 5-39 show the water content-distance-time surfaces for various
locations at the FSH site after 14 months. In all of those plots the initial water content
increase is large compared to the fluctuations due to climate and no trends with regard to
edge moisture variation distance are evident. In addition, monitoring of the FSH site was
discontinued after 14 months and the limited data does not provide for an assessment of

edge moisture variation distance.
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Walor Content (%)

Figure 5-24 Water content as a function of time and distance from the east edge along
row 3 (EE3) of the CSU site at a depth of 1 feet.
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Figure 5-25 Water content as a fimction of time and distance from the east edge along
row 5 (EES) of the CSU site at a depth of 1 feet.
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Figure 5-26  Water content as a function of time and distance from the east edge along
row 5 (WES) of the CSU site at a depth of 1 feet.

Water Content (%)
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Figure 527  Water content as a function of time and distance from the west edge along
row 7 (WE7) of the CSU site at a depth of 1 feet.
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Figure 5-30 Water content as a function of time and distance from the south edge along
of the CSU site at a depth of 1 feet.
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Figure 5-31
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Figure 5-32  Water content as a function of time and distance from the south edge along
row 3 (SE3) of the FSH site at a depth of 1 feet.
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Figure 5-36  Water content as a function of time and distance from the east edge along

line C (EEC) of the FSH site at a depth of 1 feet.
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53 Elevation

Elevation data was collected monthly at the CSU and FSH sites from the 42 survey
monuments shown in Figures 3-17 and 3-18, respectively. Figures 5-40 and 5-41 show
the total measured change in elevation for the two sites. The data from CSU was
collected on June 20, 1998 and the data from FSH was collected on November 10, 1994.

The incremental monthly elevation data for both sites are presented in Appendix C.

The maximum measured heave at the CSU site is approximately 6 inches and was
measured at survey monument A-8, along the east edge of the simulated slab where the
water content increase was the greatest. Less than 1 inch of elevation change has been
recorded along the west edge of the CSU site to date. The elevation change over the
whole site tends to vary approximately in a linear mode (see Figure 5-40) from east to
west, which is consistent with the water content data for the site. The elevation change at
the FSH site has been relatively uniform (see Figure 5-41) ranging approximately from 1.5

to 3 inches. Monitoring was discontinued at the FSH site in the fall of 1994.

In general expansive soil will continue to heave as long as the water content of the soil and
active zone depth continue to increase. Figures 5-42 and 5-43 show the heave as a
function of time at several survey monuments along row 5 and the heave as a function of
distance from the edge, respectively, for the CSU site. Figures 5-42 and 5-43 indicate that
the CSU site is continuing to heave. However, the rate of heave along the eastern edge of

the slab is decreasing and the rate of heave near the center and on the western edge of the

slab is increasing.

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SHBEIRNE

(soysu)) vojpere/s

Figure 5-40  Total change in elevation of the CSU site as of June 20, 1998.
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Figure 5-42 Heave as a finction of time at various points along row 5 at the CSU site
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Figure 5-43 Heave as a function of distance from the east edge and time at the CSU site
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The data also shows that the amount of heave that has occurred at locations toward the
center is less than along the edge, as would be the case for edge lift conditions. Heave m

the center and along the western side of the slab is considerably less than along the eastern
edge.

Also important to note is that the heave in the center of the slab (E-6) increased from a
value of 0.3 inches in February 1996 (3 years after construction) to 1.6 inches in June
1998, five and a half years after construction. This indicates that water continues to
migrate from the eastern side of the slab toward the western side of the slab and that the

site has not reached equilibrium.

The concept of equilibrium with regard to water content profiles and depth of the active
zone has been discussed. However, with respect to heave, equilibrium can not be
evaluated based on active zone depth alone. Water content profiles presented in the
previous chapter indicated that the water content had not increased significantly, west of
row C of the CSU slab. This would indicate that heave is not occurring there either.
However, as seen in Figures 5-42 and 5-43, heave has occurred at E-6. Figure 5-44
shows the water content versus time at various depths in the center of the slab (access
tube E-5). From that data it appears that the water content is increasing slightly, and it is

likely that moisture is migrating from the eastern (wetter) side toward the west.

This behavior is very important from the standpoint of heave prediction. It has been
shown that estimating the depth of the active zone is dependent upon interpretation of the
depth of water content increase data. However, in addition to the depth of water content

increase, the magnitude of water content increase also effects the amount of heave. From
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the data presented thus far the depth of the active zone in the center of the slab does not
appear to be increasing. However, the magnitude of water content in the upper soil layers
is increasing slightly and those slight increases are large enough to result in continuation of

heave with time.

Water Content (%)

0 500 1000 1500 2000
Time (days)

Figure 5-44  Water content as a function of time at the center of the slab (E-5) at CSU

Figures 5-45 and 5-46 show the heave as a function of time and distance from the edge at
the FSH site. The data in Figures 5-45 and 5-46 generally indicate the same trend as at
the CSU site. However, since there were instrumentation problems during the first six
months of the study there is no data available until day 222 for most of the locations
shown. The small decreases after 300 days, for locations A-6 and I-6, which are both near
the edge of the slab, are attributed to shrinkage along the edge following a hot and dry
summer. As was the case with the water content data the Iimited time of monitoring does

not allow comprehensive characterization of the FSH site.
125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-——A-6

N
8

9

Elevation Change (inches
—
n

0 100 200 300 400 500
Time (days)
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Figure 546 Heave as a function of distance from the edge and time at the FSH site
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5.3.1 Heave Predictions

Heave predictions were performed for the CSU site and the FSH site using data from the

field and laboratory investigations. The predicted heave values for both sites are

consistent with total measured heave at both sites. The heave prediction methodologies

are presented in Chapter 2.

Table 5-1 shows the results of heave predictions on Pierre shale and the Texas soil using

the CLOD test method. The swell index parameters were obtained from CLOD tests

conducted by Chao (1995). The calculation spreadsheets for the predicted heave values

shown below are presented in Appendix D. Field measured heave values were obtained at

survey monuments in the immediate vicinity of the water content access tubes that were

used to calculate the predicted heave.

Table 5-1 Resulits of CLOD test heave Brediction on Pierre shale and Texas soil.

Number Thickness Total Field
z of of Layers Corrected  Measured
Soil (ft) Layers (ft) Cu Heave (in) Heave (in)

Pierre Shale 13 13 1 0.016-0.019 4.1 49

14 14 I 0.016-0.019 5.6 53

15 15 1 0.016-0.019 52 43

15 15 1 0.016-0.019 4.1 3.7

15 15 1 0.016-0.019 4.6 49

18 18 1 0.016~0.019 55 5.5
Texas Soil 5 5 1 0.023 1.6 1.7

5 5 1 0.023 23 1.8

5 5 1 0.023 1.8 1.8

The total corrected heave presented in Table 5-1 was adjusted for lateral restraint and

anisotropy using the correction factor, f, presented in Hamberg (1985). The CLOD test

prediction method assumes that total volume change in the CLOD sample represents
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vertical heave in the field. Hamburg (1985) presented the development of the correction
factor, £, to account for anisotropic soil conditions and the effects of lateral constraint.
Hamberg (1985) concluded that the correction factor, f, varies between 0.33 and 1 for
most soil types. The correction factors for Pierre shale and the Texas soil are 0.56 and

1.0, respectively (Chao, 1995).

The total heave at the FSH site closely agrees with that predicted by the CLOD tests.
However, the correction factor, f=1, at the FSH site is based on the assumption of total
lateral restraint. At the time of construction, however, it had not rained in the San
Antonio area for over 80 days and large desiccation cracks were observed at the site. This
indicates that total lateral restraint conditions did not exist at the site during the time of
monitoring.

Heave is still occurring at the CSU site. The CLOD test prediction method accounts for
this by utilizing the measured depth and magnitude of water content changes at a given
time to calculate heave. If the water content at the time of maximum heave (swelling
limit) and the maximum long term active zone depth were known then the total maximum
heave at the site could be predicted by the CLOD test. However, very little research has
been conducted on the swelling limit (analogous to the shrinkage Limit) and it is not

rigorously defined.

Total maximum heave was also predicted using swell parameters obtamed from
consolidation-swell tests results that were presented in Chapter 4. The swelling index was
determined from consolidation-swell test results using the method proposed by Nelson,

Durkee, and Bonner (1998). Resuits from maximum total heave predictions on the Pierre
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shale and the Texas soils are shown in Table 5-2. The calculation sheets are shown i

Appendix D.

Table 5-2 Results of total maximum heave predictions on Pierre shale and Texas soil
using Nelson, Durkee, and Bonner (1998) method.

.

Soil Type  Layer 6:  Oses)” SeatingLoad Total Heave

#  CJ(l+e) (s  (ps) (psf) (inches)
Pierre Shale 1 0.057 6000 3,800 500

2 0.036 9000 5,600 500

3 0.025 4400 2,840 500

4 0.043 6000 3,800 500 8.23
Texas Soil 1 0.066 12,400 7,640 500

2 0.070 17,000 10,400 500

3 0.070 38,000 23,000 500

4 0.041 46,000 27,800 500 5.62

(1) Adjusted swell pressure based on Nelson, Durkee, and Bonner (1998).

Heave calculations using the consolidation-swell test predicts a total maximum heave of
8.23 mches at the CSU site. The maximum active zone depth, based on the depth at
which the overburden pressure is equal to the swell pressure, at the CSU site is 35.1 feet.
Initial sampling at the CSU site included one boring for a piezometer to a depth of
approximately 30 feet. Clayshale was identified to the depth of 30 feet and it is likely that
it continues to a depth of 35.1. Therefore, based on the laboratory consolidation-swell
test results and the definition presented in Chapter I, the maximum active zone depth at
the CSU site is approximately 35 feet. The maximum heave at the CSU site assuming the

clayshale does not extend beyond 30 feet is approximately 8.15 inches.
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The maximum measured heave thus far at the CSU site is 6 inches. The predicted heave
from the consolidation-swell test method inherently assumes total saturation of the soil
since the soil is saturated to obtain the swell prediction parameters. Therefore, the
predicted heave value from this method represents the maximum heave, assuming the

water content in the active zone has reached the swelling limit.

The water content distribution from actual field profiles where heave was measured is
continuing to increase. In addition, Chao (1995) showed that the void ratio of samples
from the CSU site continues to increase as the water content increases to above 20
percent. The water content measured in the access tubes in the immediate vicinity of the
measured heave locations is less than 20 percent indicating that heave will continue as the
water content at depth increases. In addition, due the extremely friable nature of the
Pierre shale it was difficult to load undisturbed samples in a consolidometer. Therefore,
remolded soil compacted to the approximate field density was used for all of the
consolidation tests and the loss of soil structure during compaction results in error in the

predicted values that can not be quantified.

The maximum predicted heave at the FSH site is 5.62 inches. The maximum heave
measured in the field at the FSH site is approximately 3 inches. As was the case with the
CSU site, it is likely that the water content of the soil at the FSH site has not reached the
swelling limit. The maximum water content measured at the site is approximately 19 to 20
percent. Chao (1995) showed that the void ratio of samples from the FSH site continues

to increase as the water content of the CLOD samples approaches 30 percent. The
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maximum predicted heave at the FSH site was determined assuming a 6-foot thick layer of

expansive soil (i.e. 6-foot active zone depth).

S4  Total Suction and Temperature

The CSU site was instrumented with thermocouple psychrometers (TCP) nine months
after construction (September 1993). The TCP's were placed in locations D-6.5, D-8.5,
and J-5.5 (Figure 3-17). This provided for one set near the center of the slab, one near the
edge and one in the uncovered soil. Each set consisted of six TCP's, at depths of 2, 5, 8,
11, 14, and 17 feet. Figures 5-47, 5-48, and 5-49 show the monthly total suction and

temperature profiles at locations D-6.5, D-8.5, and J-5.5, respectively.

A limited number of practitioners have used total suction data to predict active zone
depth. They generally mstall TCP’s in the soil in an area of proposed construction to
monitor suction changes as a function of depth. McKeen and Johnsor: {1990) developed a
method for predicting active zone depth and edge moisture variation distance based on the
depth of equilibrium suction and the sinusoidal patterns of climate data. They define the
term equilibrium suction value as the soil moisture suction value below the depth of
seasonal moisture variation. The equilibrium suction value is determined based on a
minimum range of suction change considered significant. The determination of
equilibrium suction is dependent upon interpretation and relies on the assumption that the

active zone depth is obtained from the depth of seasonal moisture variation.

Figure 5-50 shows the average suction, and minimum and maximum suction values

measured in the uncovered soil at J-5.5 over a time period of approximately six years.
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At that location the soil suction at a depth of 17 feet ranges between zero and 300 feet and
the average suction value is approximately 128 feet. This indicates that the depth of
equilibrium suction is greater than 17 feet. This also agrees with the depth of water
content increase of 18 feet measured beneath the slab at access tube A-9 in Figure 5-9.
However, since soil suction measurements were not obtained below 17 feet the
equilibrium suction from McKeen and Johnson’s method can not be evaluated below that

depth.
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Figure 5-50  Average, minimum and maximum suction profiles from J-5.5

The zone of seasonal moisture fluctuation determined from water content access tube J-3,
which is in the uncovered soil approximately 5 feet north of TCP location J-5.5, is

approximately 6 feet. This suggests that the suction fluctuates with climate at that
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location to a depth of at least 17 feet but that the water content within that same 17 feet
does not respond to the suction changes. If this is the case then the active zone depth
could only be evaluated in a soil profile using suction measurements, and the water
content increase would not manifest itself to the depth of equilibrium suction until after the
surface was covered. However, it should be pointed out that in this range of suction, the
water content change is close to the accuracy of the nuclear moisture density gauge (2 to
4 percent for the CPN 501DR). From the soil water characteristic curve presented in
Chapter 4 a suction change of 300 feet is associated with water content changes of 2 to 4
percent. Therefore, based on the accuracy of the nuclear moisture density gauge a change
in suction of less than 300 feet can result in zero change in water content. Yeo (1995)
compared suction measurements in Pierre shale under controlled conditions in a laboratory
using thermocouple psychrometers (TCP) and the filter paper method. The results
indicated that in a range of suction between 1,200 and 2,700 feet the water content ranged
from 15 to 19.5 percent. This indicates that for a change in suction of 300 feet a water

content change of less than 1 percent can be expected.

However, the main limitation to McKeen and Johnson’s method is that it assumes the
depth of the active zone will not be deeper than the depth of seasonal moisture variation.
Thus far, the water content has not increased in the soil below 18 feet due to placement of
the slab. However, future data is likely to indicate otherwise. In addition, if water were
introduced at the surface near the edge of the foundation, as is expected for lawn watering
in residential areas, the depth of water content increase would go deeper, thereby

increasing the depth of the active zone. Also the water content measured below the
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current active zone depth is less than the swelling limit indicating that if water is made

available at that depth additional swelling will occur.

McKeen and Johnson (1990) also proposed that the edge moisture variation distance is
equal to the difference between the active zone depth and the depth of the foundation.
Hence, for the simulated slab constructed at the surface for this investigation the edge
moisture variation distance is equal to the active zone depth. The relationship between
water content at 1-foot depth, time, and distance from the edge of the slab at the CSU site
was presented in Figures 5-24 through S-31. Although there is considerable scatter in the

data the edge moisture variation distance at the CSU site appears to be as high as 20 feet.

Figures 5-51, 5-52, and 5-53 show the total suction as a function of time measured by
each TCP at locations J-5.5, D-8.5, and D-6.5, respectively. The data in Figure 5-51
demonstrates the cyclical behavior of soil suction and the effects of seasonal fluctuations
in the soil, as was seen in Figures 5-24 through 5-31. The highest total suction values
were measured at 2 feet, the shallowest location monitored. At a depth of 2 feet the total
suction ranges from 0 feet to 1,500 feet. As expected, the range of total suction measured
in the profile decreases with depth. However as mentioned above, the data in Figure 5-51

shows that the total suction at 17 feet fluctuates by as much as 300 feet.

The data in Figures 5-52 and 5-53 demonstrate the effects of covering the surface. The
seasonal fluctuations in total suction are apparent, but the magnitude of the variations is
much less than in the uncovered soil. In addition, the Iow&sts.ucﬁonvaln&s are in the
upper 5 feet where moisture has accumulated do to placement of the slab. The highest

suction values at D-8.5 (Figure 5-52) are measured at 17 feet.
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Figure 5-51  Total suction as a function of time and depth in the natural soil, J-5.5
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Figure 5-52  Total suction as a function of time and depth beneath the slab, D-6.5.
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Figure 5-53  Total suction as a function of time and depth beneath the slab, D-8.5.

The lower magnitude of suction change with time at D-8.5 and D-6.5 suggest that
temperature changes at the surface are controlling behavior at those two locations, and
that the difference in magnitude of fluctuation between those two locations and J-5.5 is
due to the reduction of evapo-transpiration at the surface. In addition, it should be noted
that there is very little difference between the data measured at D-8.5, near the edged of

the slab and D-6.5, near the center of the slab.

Figures 5-47, 5-48, and 549 do not indicate that covering the surface has an effect on soil
temperature. Generally, the temperature at 2 feet ranges from 37° F to 75° F. The range

varies linearly to a depth of 17 feet where it ranges from 50° F to 58°F.
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CHAPTER 6
NUMERICAL MODELING

Historical definitions of active zone depth and edge moisture variation distance were
discussed in Chapters 1 and 2. A new definition of active zone depth was proposed and
this research was conducted in part to validate that definition. The historical definition of
edge moisture variation distance is consistent with trends observed in the field. The field
and laboratory investigations presented in Chapters 3, 4, and 5 provide a characterization
of the active zone depth and edge moisture variation distance in terms of environmental

conditions, geologic conditions, and soil properties.

The active zone depth at the CSU site, based on approximately 6 years of water content,
suction, and heave data, is currently 18 feet. The depth of the active zone varies across
the slab from east to west. In general the water content profiles indicate that the active
zone depth is in equilibrium with the boundary conditions at the site. However, heave
data indicates that the site is still moving and that the wetting front is continuing to move
westward. The water content changes associated with the continued movement may be
smaller than accurately measurable with the instrumentation that was used. The water
content data also indicates that the edge moisture variation distance may be as high as 20

feet.

Suction data from beneath the slab at the CSU site does not provide an estimate of active

zone depth because the TCP’s were installed 9 months after the site was constructed.
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Suction data from the uncovered soil adjacent to the slab at the CSU site indicate that the
zone of seasonal moisture fluctuation is approximately 17 feet compared with 5 to 7 feet
from the water content data. This inconsistency may be due to the relatively small
changes in water content in response to suction changes and accuracy limitations of the
instrumentation. Water content data from beneath the slab indicate that the maximum
depth of werting thus far, of 18 feet, is consistent with the depth of equilibrium suction.
However, as discussed in Chapters 1 through 5, the active zone depth is not defined as the

depth of seasonal moisture fluctuation.

Water content and heave data were collected at the FSH site for a period of 14 months
and provide only a limited view of behavior in terms of expansive soil foundation design
parameters. In addition, the FSH site is limited to a 6-foot thick expansive soil layer.
Since the depth of water content increase and the zone of seasonal moisture fluctuation
beneath a slab typically go much deeper than 6 feet, the data from the FSH site does not

allow for a comprehensive analysis.

Based on the field and laboratory results from this investigation the active zone depth and
edge moisture variation distance at the CSU site were characterized in terms of the effects
of environmental conditions, geologic conditions, and soil properties. The results
demonstrate the significance of the environmental conditions, geologic conditions, and
soil properties, within the context of time over which the study has been conducted.
However, environmental conditions include climate conditif)ns as well as manmade
surface boundary conditions such as frrigation and broken utilities that have not been

investigated in the field study. In addition, geologic conditions include anisotropy,
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bedding plane orientation, and fracturing within the soil, the effects of which have been

discussed on a qualitative basis.

Hence, there are several questions that have not been addressed by the field and
laboratory investigations because of the limits of time and budget. To provide a more
comprehensive characterization of the active zone depth and edge moisture variation
distance, the scope of the investigation included numerical modeling analyses. The
numerical analyses were conducted based on the CSU site only. As mentioned
previously, the limited depth of expansive soil and the fact that the FSH site was

monitored for only 14 months does not allow a comprehensive analysis of that site.

The goal of the modeling phase of this research was to address several questions that

were not fully evaluated in the field and laboratory investigation. Generally:

e How do soil properties affect the active zone depth and edge moisture variation
distance?

e What affect does bedding plane orientation have on wetting and heave pattern
development?

What are the effects of ponding and watering near the foundation?

How deep can the active zone go and how long will it take?
6.1 Model Descriptions
Two commercially available computer models were used to model moisture flow, in the
soil, and evaluate the effects of placing a simulated slab on the surface, SoilCover
(Geo2000, Ltd.) and SEEP/W (GEO-SLOPE, International). The SoilCover model is a
one-dimensional finite element, boundary flux model that couples flow in the soil with
atmospheric conditions on a time-dependent basis. Evapo-transpiration and infiltration in

saturated and unsaturated soil are modeled for up to one year, at which time the initial
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conditions can be updated and the model restarted for the next year of modeling. Climate
parameters including minimum and maximum temperature and relative humidity, solar

radiation, precipitation, and wind speed can be updated daily.

The SEEP/W model is a two-dimensional finite element computer model developed for
simulating saturated and unsaturated flow through soils. The boundary conditions at the
surface are controlled by the user and can be updated at regular intervals to account for

changing environmental conditions.

In this investigation the SoilCover model was used to determine daily infiltration and
evaporation rates at the uncovered soil surface around the slab, based on the climate
conditions and the stress-state in the soil. The simulations were also conducted assuming
the surface was covered to simulate the effects of the slab. To simulate the covered
surface, the relative humidity of the air was set equal to 100 percent and the solar
radiation value was set to zero throughout the simulations. The daily infiltration and
evaporation rates were then used as boundary conditions in the SEEP/W model. The
theoretical framework for modeling flow with these two models is presented in the

following two sub-chapters.

6.1.1 SoilCover Model

The SoilCover model utilizes the heat and mass transfer equations derived by Wilson
(1990) to model coupled one-dimensional transient heat and mass flow in soil. The
liquid water and water vapor flow equations derived in Wilson (1990) are presented
below.
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The flow of water vapor and liquid water are described on the basis of Fick’s law and

Darcy’s law as follows:

8. ¢, i(kw s—hi)wi —S-(Dv SP") 61)
St dy Sy Sy oy
where: hw = Total head (m)
t = time (s)
G = Coefficient of consolidation with respect to the liquid phase
= U/mp"pag
Pw = mass density of water (kg/m®)
g = acceleration due to gravity (m/s’)
y = position (m)
kw , = hydraulic conductivity (m/s)
Cw = Coefficient of consolidation with respect to the vapor phase
- P+P,)
Pp}gmy
m” = slope of the moisture retention curve (1/kPa)
P = total gas pressure in the air phase (kPa)
| = partial pressure due to water vapor (kPa)
Dy = diffusion coefficient of water vapor through the soil
(kg-m/kn-s)
W,
oaB(D RT)
a = tortuosity factor of soil (B*?)
B = cross sectional area of soil available for vapor flow
Dwp, =  molecular diffusivity of water vapor in air (m%s)
= 022910~ (1 + 1)
T = temperature (°K)
W, = molecular weight of water (0.18 kg/kmole)
R = universal gas constant (8.314 J/mole/°K)

Temperature is evaluated on the basis of conductive and latent heat transfer as follows:

8T &(, 8T ®+P,), & 5P,
C. —=—"|r—I|-L )—iD, —% 6-2
" st SY( 5}’) 3 5Y( i SYJ ©2
where: T = Temperature(°C)
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G = Volumetric specific heat of the soil as a function of water

content (J/m*/°C)
Cvps
Cv = Specific heat of the soil (J/kg/°C)
ps =  Mass density of the soil (kg/m’)
A = Thermal conductivity of the soil (W/m/°C)
Ly = Latent heat of vaporization of water (J/kg)

The vapor pressure is calculaied on the basis of the total suction of the liquid phase after

Edlefsen and Anderson (1943).
P, =P h, (6-3)

where: Py = actual vapor pressure in the soil

Pe = saturation vapor pressure of the soil at it’s temperature, T

he = relative humidity of the soil surface as a function of total

suction and temperature
X,
= e RT
¥ = total suction in the soil (m)

In Equation 6-1 the hydraulic conductivity is a key input variable for modeling water
flow with the SoilCover model. In unsaturated soils the vapor phase flow component
becomes particularly important. In the SoilCover model the diffusion coefficient, which
is the fundamental parameter for the vapor phase flow component, is calculated based on
the temperature in the soil. For this investigation, the evaluation of the effects of soil
properties on active zone depth and edge moisture variation distance is limited to the

hydraulic conductivity.

The unique aspect of the SoilCover model that lends itself well to modeling the

development of the active zone depth and the edge moisture variation distance is the
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capability of atmospheric coupling. This is achieved by calculating the soil evaporative
flux. Using the modified Penman formulation developed by Wilson (1990) the soil
evaporative flux is calculated based on the vapor pressure gradient between the soil

surface and the atmosphere. Wilson (1990) presents the vertical evaporative flux

equation as:

E=FQ+VEa

C+Av &4

where: vertical evaporative flux (mnv/day)

slope of the saturation vapor pressure versus temperature
curve at the mean temperature of the air

pet radiant energy available at the surface (mm/day)
psychometric constant

f{u)P.(B-A)

function dependent on wind speed, surface roughness, and
eddy diffusion

0.35(1+0.15U,)

wind speed (km/hr)

vapor pressure in the air above the evaporating surface
inverse of the relative humidity of the air = 1/h,

inverse of the relative humidity at the soil surface = 1/h,

wnn

»°
nnon

The modified Penman formulation accounts for net radiation, wind speed, and the relative
bumidity of both the air and soil surface while calculating evaporation from an
unsaturated soil surface. The relative humidity of the soil surface is evaluated by

simultaneously solving the moisture flow equation and the modified Penman formulation.

6.1.2 SEEP/W Model

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

5(, SH), & _%
(HefeBer e

&
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H = total head

kx = hydraulic conductivity in the x-direction
ky = hydraulic conductivity in the y-direction
Q = applied boundary flux

o = volumetric water content

t = time

This equation is essentially the same fundamental equation as is used by SoilCover
except that the SEEP/W equation is written for two-dimensional flow and includes an
applied boundary flux. The SoilCover version however, is written for one-dimensional
flow, includes a vapor phase component, and uses the modified Penman formulation to
calculate the boundary flux. In addition the SoilCover model considers soil temperature

and the SEEP/W model does not.

The majority of moisture flow in this investigation occurs near the surface of the soil.
The SoilCover model uses the atmospheric coupling approach to calculate the net
infiltration across the surface while considering soil temperature and vapor phase flow.
Therefore, the coupling of these two models provides a two-dimensional moisture flow
model that considers soil temperature, vapor phase flow, and is physically based in terms

of evaporation.

6.2 SoilCover Modeling

The SoilCover model was used to determine evaporation and infiltration rates from a
one-dimensional profile at the CSU site. Soil, climate, and model parameters were
obtained from the results of the Iaboratory and field investigations and from default

methods available within the model
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6.2.1 Model Parameters

Model parameters were determined from the results of the laboratory and field
investigations presented in Chapters 4 and 5. The SoilCover model requires two general
types of input data, soil data and climate data. There are also options for modeling
vegetation and soil freeze-thaw that require additional input data. The user develops the
mesh geometry, initial water content or suction distribution, initial temperature

conditions, and boundary conditions.

6.2.1.1 Soil Input Data

Soil input data include specific gravity, hydraulic conductivity, coefficient of volume
change, and the soil water characteristic curve (SWCC). The model develops functions
for unsaturated hydraulic conductivity, thermal conductivity, and volumetric specific
heat. The specific gravity, the saturated hydraulic conductivity, and coefficient of
volume change used for modeling the CSU site, were determined from laboratory testing
presented in Chapter 4, and are presented in Table 6-1.

Table 6-1 Soil parameters for CSU site used in SoilCover modeling

Parameter Value
Specific Gravity 272
Saturated Hydraulic Conductivity, k (ft/s) 13E-07
Coefficient of Volume Change, m, (1/psf) 7.0E-03
148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The specific gravity was determined by Cheng (1994), as part of his investigation of soil-
water diffusivity. The saturated hydraulic conductivity, k, and the coefficient of volume
change, m,, were determined from the consolidation test conducted on an undisturbed

sample of Pierre shale.

The hydraulic conductivity values determined in Chapter 4 are summarized in Figure 6-1.
As discussed in Chapter 4 the measured value from falling headwater rising tailwater
tests is quite low. A rigid-walled test cell was used for those tests. The rigid-walled
apparatus does not allow control or measurement of the stress-state in the sample and it is

not possible to insure the specimen is saturated during the tests.
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Figure 6-1  Results from [aboratory hydraulic conductivity measurements on Pierre
shale
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The saturated hydraulic conductivity values from direct measurement during
consolidation tests ranged from approximately 10~ feet per second to 107 feet per second
within a void ratio range of less than 0.1. The consolidation test is also conducted in a
rigid-walled apparatus, and hence, involves the same difficulties as the falling headwater
rising tailwater test. It is also possible that the initially high measured value is a result of
sidewall leakage. The values determined from indirect calculations using the coefficient

of consolidation ranged from approximately 107 to 10 feet per second.

Evaporation and infiltration are primarily a function of the soil conditions in the upper
layers, in this case the weathered clay in the upper S to 7 feet. Laboratory tests were not
conducted on soil samples from enough locations in the profile to accurately model subtle
differences associated primarily with weathering. Therefore, for the purposes of this
investigation the soil was modeled as a 20-foot thick homogeneous layer of soil. The
saturated hydraulic conductivity values from the indirect method are shown plotted as a
function of equivalent depth in Figure 6-2. The hydraulic conductivity used for this
investigation was obtained from the relationship shown in Figure 6-2 at a depth of 7 feet,
1.3E-07 feet per second. This hydraulic conductivity value is within a reasonable range
for this soil type and provided good results with respect to infiltration and evaporation

during preliminary modeling.

Similarly Figure 6-3 presents the coefficient of volume change as a function of depth.
The coefficient of volume change was also calculated from the consolidation tests results.
The value of the coefficient of volume change from a depth of 7 feet in Figure 6-3 was

used for the SoilCover modeling.
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Water retention data obtained by Chao (1995) and presented in Chapter 4 was used to
develop the SWCC for the numerical analyses. Drying curve and wetting curve data
were mnput directly to the model and the curve fitting routine developed by Fredlund and
Xing (1994) was used to develop the SWCC. Preliminary modeling was conducted using
both the drying curve and wetting curve data. The results from the drying and wetting

curves are presented in Chapter 6.3 Model Validation.

The model uses the method developed by Fredlund et.al. (1994) to determine the
unsaturated hydraulic conductivity function based on an integration form of the suction
versus water content relationship (SWCC), equation proposed by Fredlund and Xing
(1994). However, as stated in their paper and in the case of typical SWCC fitting
routines, the function is unique as long as the volume change of the soil structure is
negligible. In an expansive soil the majority of volume change takes place at the surface
and in the upper few feet. The upper few feet of soil is also the most critical with respect
to infiltration and evaporation. Preliminary modeling conducted with the unsaturated
hydraulic conductivity function developed using the method proposed by Fredlund et.al.
(1994) resulted in poor results when compared to the field measured results. A much
better result was obtained using the method developed by Brooks and Corey (1964)

combined with an adjustment for volume change based on the Kozeny-Carmen equation.

Brooks and Corey (1964) present the function for unsaturated hydraulic conductivity as
follows:

k, =k, Forh<hyg (6-1a.)
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n
k, =k,(%-) Forh>hg (6-1b)

where: kw = unsaturated permeability
ks = saturated permeability
b4 = displacement pressure
h = matric suction
n = empirical constant

The empirical constant, 1), is related to the pore size distribution index, A, by:
n=2+3A (6-2)

The pore size distribution index is equal to the slope of the matric suction versus effective
degree of saturation curve. From the water retention data that was presented in Chapter
4, the pore size distribution index for the Pierre shale was determined to be
approximately 0.53 for the drying curve and 0.4 for the wetting curve. These values are

consistent with well-aggregated soils in an undisturbed state (Corey, 1986).

The difficulties involved in determining the displacement pressure in expansive soil have
been documented by others and are discussed in Chapter 4. For the purposes of this
investigation it was assumed that at a degree of saturation of 85 percent or greater the air
phase is not continuous and changes in hydraulic conductivity are not significant.
Therefore, the displacement head was assumed to be the suction value from the water
retention data at which the degree of saturation is equal to 85 percent. From the drying
curve data presented by Chao (1995), the value of suction at a degree of saturation of 85
percent is approximately 160 feet. However, data presented by Chao (1995) also indicates

that volume change does occur as the degree of saturation goes above 85 percent and
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approaches 100 percent. Therefore the hydraulic conductivity was adjusted in that range

of suction using the Kozeny-Carmen equation only.

The unsaturated hydraulic conductivity functions based on the Brooks and Corey (1964)
method and the Fredlund et al. (1994) method, are shown in Figure 6-4. As discussed in
Chapter 5, the suction in the uncovered soil near the surface ranges from zero to 1,600
feet of water. In that range the difference between the two curves is very large when

considering its effects on infiltration and evaporation.
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Figure 64  Unsaturated hydranlic conductivity functions for Pierre shale

Since the unsaturated hydraulic conductivity was not measured for this imvestigation,
comparison can not be made to actual data. In addition, rigorous evaluation of curve
fitting methods for the SWCC and methods for developing the unsaturated hydraulic

conductivity function are beyond the scope of this investigation. However, model results
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from simulations that utilized the Brooks Corey relationship more closely matched the
water content distributions measured in the field over time. It is evident that rigorously
evaluated analyses of these important hydraulic functions are necessary for the

development of moisture flow modeling in expansive soil.

Thermal conductivity affects the ability of soil to transmit heat just as the hydraulic
conductivity affects the ability of soils to transmit water. The rate of heat transfer in soil
is a function of the temperature gradient and the thermal conductivity. The thermal
conductivity is in turn a function of water content. The SoilCover model uses a method
developed by Johansen (1975) to determine the thermal conductivity function. The user
specifies a composite percentage of quartz in the soil. The quartz percentage for various
soil types ranges from 1.0 for pure sand to 0.7 for pure clay. For this investigation the

percent quartz was assumed to be 0.75.

Volumetric specific heat of a soil is defined as the amount of stored heat required to
change the temperature of a unit volume of soil by one degree Celsius, and is also a
function of water content of the soil. The SoilCover model calculates the volumetric

specific heat function based on the mass density of the soil.

6.2.12 Climate Data

Climate data include the minimum and maximum temperature, net solar radiation,
minimum and maximum relative humidity, and wind speed. The top boundary condition
can be updated daily as pressure, water content, or precipitation. The top boundary

condition can also be partitioned to occur during specific hours of the day.
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Climate data was obtained from the Colorado Agricultural Meteorological (CoAgMet)
Station ftcO1 located approximately 4 miles northwest of Fort Collins at the Agricultural
Engineering Research Center (AERC). Complete data was available from February 1,

1992 to present.

In addition to the daily climate data input, the model allows the user to specify periods of
vegetation growth and freeze-thaw. The vegetation model is based on the vegetation
uptake source term method combined with a shade, or cover factor term. Input data for
the vegetation model includes root depth, the moisture limiting point, the moisture
wilting point, and the leaf area index. In addition the user specifies the time of year over

which the vegetation is active.

Vegetation at the CSU site consists primarily of native perennial grasses and sparsely
scattered forbs and shrubs. The dominant species of grasses include blue grama,
Japanese brome, cheatgrass, Buffalo grass, and green needle grass. Root depths for these

species range from 0.5 feet to 5 feet.

Lack of available plant water causes most plants to biologically react by closing stoma
and reducing transpiration. At a suction value of approximately 33 feet (100 kPa) the
plant limiting factor is reduced linearly as a function of the log of matric suction, and
plant transpiration is reduced to zero at a suction of 500 feet (1,500 kPa). This plant-
[imiting model is one of several from the plant science and soil physics literature. Asa
simple method for estimating transpiration this default function was used for vegetation

modeling at the CSU site.
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The leaf area index function is automatically generated within the SoilCover model based
on the grass quality and growing season specified by the user. The average growing
season for the Denver/Fort Collins area is from May 1¥ to October 13% and this was the

assumed growing season for all of the simulations that were conducted.

SoilCover also allows the user to specify a time of year over which the soil is frozen.
The model develops a soil-freezing curve using the Clapeyron equation (see SoilCover
(1997)). They state however that the Clapeyron equation is severely limited, as it is not
ideal for use in soils that contain a mixture of capillary and adsorptive water forces.
During the time over which the soil is frozen, evaporation and infiltration does not occur.

Since this time period can be significant at the CSU site the soil-freezing model was used.

The time over which the soil is frozen was determined by plotting daily soil temperature
data versus time. The data was obtained at the CoAgMet site from a depth of 2 inches
and is shown in Figure 6-5. It was assumed for this investigation that if the temperature
at a depth of 2 inches was less than one degree Celsius then the surface of the soil was
frozen. This allows for a gradient in temperature of one degree Celsius between the

surface of the soil and the soil at a depth of 2 inches.

The soil freeze-thaw model also allows the user to specify a depth of surface water to
simulate snow melting on the surface as warming occurs at the end of the freeze-thaw
period. Snow accumulation at the CSU site is sporadic and sufficient data was not
available to accurately simulate it. However, precipitation that was measured during that

time period was introduced as water on the surface.
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Figure 6-5  Ground temperature measured at 2 inches depth at CSU site

6.3 Model Validation

The accuracy of the SoilCover model was evaluated in the uncovered soil and in the
covered soil using the field measured water content data. Field data for comparison in
the uncovered soil was obtained from access tubes E-0, X-5, and J-5, adjacent to the siab.
Field data for comparison in the covered soil was obtained from access tubes D-5, E-3, E-
5, E-7, and F-5 from the center of the slab. In addition TCP data collected at J-5.5, D-

8.5, and D-6.5 were compared to model output for suction and temperature.

In the uncovered soil the surface flux will vary between evaporation and infiltration
conditions dependent upon the daily climate conditions. In ideal conditions beneath the
center of the simulated slab, an mitial relatively dry soil profile will increase in water

content due to the reduction of evaporation at the soil surface. When the total head
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becomes constant with depth, moisture migration in the vertical direction is controlled by
temperature fluctuations at the surface. Under these conditions the water content profile,
assuming a homogeneous soil profile, is roughly constant with depth except for
fluctuations near the surface due to temperature. A one-dimensional column of
homogeneous soil 20 feet in depth was used to model the CSU site. Model soil and
climate input data were discussed above and typical model input pages from 1993 model

simulations that used drying curve SWCC are shown in Appendix E.

6.3.1 Uncovered Soil

6.3.1.1 Water Content Data

Water content data was collected from January 1993 to November 1997. The initial
water content conditions in the soil were determined from the average of the measured
water content values from access tubes E-0, X-5, and J-5, the three locations in the
uncovered soil and access tubes D-5, E-3, E-5, E-7, and F-5 from the center of the slab.
Comparisons of the water content trends at the three locations on the north, east, and west
sides of the slab respectively, and the five locations in the center of the slab indicate that
the soil profiles are similar and the variations in water content with depth and time are
consistent. These eight locations provide an average representation spatially for the site.

The initial water content distribution based on the average data is shown in Figure 6-6.

The initial water content profile varies from approximately 12 percent at I foot to I5
percent at 7 feet. Below 7 feet the water content is a relatively constant 15 percent with
depth. For the purposes of modeling, this was the assumed initial water content

distribution at the CSU site on February I, 1992.
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Figure 6-6  Initial water content distribution for SoilCover modeling
A preliminary simulation was conducted from February I, 1992 to October 31, 1992 to

allow the model to equilibrate to the initial conditions. The SoilCover model allows
maximum simulation periods of one-year. Therefore at the end of each simulation the
final suction profile was used as the initial conditions for the subsequent simulation. On
November 1, 1992 the suction profile from October 31, 1992 was used to start the second
year of modeling, and subsequent simulations were conducted from November 1¥ to

October 31% of the respective years.

To evaluate the accuracy of the model measured water content profiles from the field
were compared to the water content profiles from the model for the same days. Figures
6-7 through 6-16 show the measured water content profiles and the profiles for the same

days from the model simulations for years 1993 through 1997, respectively.
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Figure 6-7  Measured water content profiles from 1993 in uncovered soil at CSU
(based on average from X-5, J-5, and E-5)
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Figure 6-9  Measured water content profiles from 1994 in uncovered soil at CSU
(based on average from X-5, J-5, and E-5)
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Figure 6-10 Model predicted water content profiles from 1994 in uncovered soil at
CSuU
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Figure 6-11 Measured water content profiles from 1995 in uncovered soil at CSU
(based on average from X-5, J-5, and E-5)
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Figure 6-12 Model predicted water content profiles ffom 1995 in uncovered soil at
CsU

166

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Water Content

0 5 10 15 20 25 30
0 .
| |
2 _
|
3 =
i
51
6 L
T —
5
9 —o—02/10/96 (1135)
E 10 + —m—03/09/96 (1163)
I |
§' 11 - —a—04/27/96 (1212)
12 T —e—06/04/96 (1251)
13 _
N —o—07/21/96 (1298) ;
15 : —5—09/29/96 (1368) 5
16 . —a—11/09/96 (1409)
17 = —o—12/22/96 (1452)
18 _
19 _
20 -
21 -

Figure 6-13 Measured water content profiles from 1996 in uncovered soil at CSU
(based on average from X-3, J-5, and E-5)
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Figure 6-14 Model predicted water content profiles from 1996 in uncovered soil at
CSU
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Figure 6-15 Measured water content profiles from 1997 in uncovered soil at CSU
(based on average from X-3, J-5, and E-5)
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Figure 6-16 Model predicted water content profiles from 1997 in uncovered soil at
CSuU

170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The last water content measurement at the site was on November 2, 1997. The water
content profiles from model results are from the drying curve model simulations. The

wetting curve model simulations are discussed later.

In general the water content profiles from the model simulations follow the same trends
with time as the measured water content profiles. The water content values from the
model, at depth, are constant at 15 percent. The measured water content at depth also
remains relatively constant at approximately 15 percent. The depth of seasonal moisture
fluctuation varies from year to year between approximately 2 feet and 7 feet in both the
measured and modeled profiles. The water content fluctuations measured within the
upper few feet of soil vary between approximately 10 and 25 percent. In the same zone

the water content from the model fluctuates between approximately 12 and 20 percent.

This difference between the model results and the field-measured values can be seen in
Figures 6-17 through 6-22. The water content values measured at various depths in the
soil and obtained from the model are plotted as a function of time. The results from the

model using the wetting and drying curves are presented for comparison.

The results shown in Figures 6-17 through 6-22 show generally good agreement between
the model and the field. In general, the field measured water content data fluctuates
between the water content from models that used the drying curve SWCC and the water
content from models that used the wetting curve SWCC. This is expected since near the
surface of the soil the flux varies between infiltration and evaporation depending on the
climate conditions. Since SoilCover is not capable of modeling the hysteretic nature of

the soil at the surface there is some error during the transition between flux states.
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Figure 6-17 Water content at 1 foot in the uncovered soil from the CSU site
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Figure 6-18 Water content at 2 feet in the uncovered soil from the CSU site
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Figure 6-19 Water content at 3 feet in the uncovered soil from the CSU site
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Figure 6-20 Water content at 4 feet in the uncovered soil from the CSU site
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Figure 6-21 Water content at 5 feet in the uncovered soil from the CSU site
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Figure 6-22 Water content at 6 feet in the uncovered soil from the CSU site
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This pattern is more noticeable near the surface than at depth. At depths of 5 and 6 feet
the measured water contents correlate more closely with the water contents obtained from

the model simulations that used the drying data.

6.3.1.2 Suction Data

Suction data was collected at J-5.5 in the uncovered soil between September 1993 and
November 1998. TCP’s were installed at depths of 2, 5, 8, 11, 14, and 17 feet. Suction
data from each location as a function of time, from the model and from the field, are
shown in Figures 6-23 through 6-28, respectively. The field measured suction data tend
to fluctuate significantly at each depth compared to the model output, and by a higher
magnitude closer to the surface. Suction values below 5 feet tend to correlate better with

the modeled suction values that were obtained using the wetting curve SWCC.

Figure 6-29 shows the measured water content at access tube J-5 and suction at TCP
location J-5.5 from 2 feet, as a function of time on the same graph. In general the water
content-suction relationship from the field is consistent with expected trends. However,
there is a slight lag time in the response of water content change to change in suction.
This is expected since the seepage velocity is a function of hydraulic conductivity and the
total head gradient.

Figure 6-30 shows the model simulated water content and suction, from 2 feet, as a
function of time on the same graph. The water content-suction relationship from the
model is consistent with expected trends. The lack of the lag time effect in the model

output results from the inability of the model to simulate the hysteresis effect.
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Figure 6-23  Suction at a depth of 2 feet in the uncovered soil at the CSU site
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Figure 6-24 Suction at a depth of 5 feet in the uncovered soil at the CSU site
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Figure 6-25 Suction at a depth of 8 feet in the uncovered soil at the CSU site
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Figure 6-26  Suction at a depth of 11 feet in the uncovered soil at the CSU site
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Figure 6-27 Suction at a depth of 14 feet in the uncovered soil at the CSU site
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Figure 6-28  Suction at a depth of 17 feet in the uncovered soil at the CSU site
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Figure 6-29 Measured water content and suction at a depth of 2 feet in the uncovered
soil at the CSU site
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Figure 6-30 Modeled water content and suction at a depth of 2 feet in the uncovered
soil at the CSU site
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Figure 6-31 illustrates the effect of hysteresis and shows the actual field data compared
with the model SWCC data. The water content data is from access tube J-5 and the
suction data is from TCP location J-5.5. In general the field measured suction and water
content data plot between the wetting and drying curves. However, the water content-
suction relationship based on data from below 8 feet tends to be steeper than the

laboratory curves.
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Figure 6-31  Field measured suction-water content data and laboratory SWCC data

180

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The model is very sensitive to the SWCC and hydraulic conductivity functions. As such,
the exact combination of parameters that results in output that matches precisely the field
measured water content and suction values is difficult to obtain. The input parameters
were obtained from laboratory testing, and the model shows generally close agreement
with measured water content data. The one-dimensional modeling in the uncovered soil
was conducted in part to obtain infiltration data. It is believed that the water content
results from the SoilCover simulations indicate that the model gives reasonable results
with respect to storage changes in the upper 5 to 10 feet of soil. Therefore it is assumed
that the model can be relied upon with confidence to predict future trends with respect

too active zone depth and edge moisture variation distance.

6.3.1.3 Temperature Data

The variations in temperature with time from each TCP and from the model are presented
in Figures 6-32 through 6-37. The results from simulations with the drying curve SWCC
and wetting curve SWCC are the same. The measured temperature values closely match

the model results at all locations.

Based on the model resuits from the uncovered soil and data measured in the field, the
drying curve model generally correlates better with the field measured water content data
than the wetting curve model. As stated above, the one-dimensional modeling in the
uncovered soil was conducted in part to obtain infiltration values. Since infiltration is
essentially a storage change in the near surface soils, the model that results in water
content changes in the near surface soils that closely match the field measured water

content values is the most appropriate model to use.
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Figure 6-32 Temperature at a depth of 2 feet in the uncovered soil at the CSU site
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Figure 6-33 Temperature at a depth of 5 feet in the uncovered soil at the CSU site
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Figure 6-34 Temperature at a depth of 8 feet in the uncovered soil at the CSU site
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Figure 6-35 Temperature at a depth of 11 feet in the uncovered soil at the CSU site
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Figure 6-36 Temperature at a depth of 14 feet in the uncovered soil at the CSU site
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Figure 6-37 Temperature at a depth of 17 feet in the uncovered soil at the CSU site
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6.3.2 Covered Soil

The initial soil profile, shown in Figure 6-6, and soil properties and climate data
presented in Chapter 6.2 were used to model the covered soil. To model the geosynthetic
cover and 6 inches of rock used for the simulated slab, the solar radiation was set equal to
zero and the relative humidity was set equal to 100 percent beginning on January 10,
1993, the day the liner was placed. Setting solar radiation to zero and relative humidity
to 100 percent eliminates evaporation from the model. This resufts in accumulation of
moisture due to vapor flow from the wetter soils at depth toward the drier soils near the

surface.

The SoilCover model was not developed to model the placement of a geosynthetic liner
and condensation of moisture beneath it. The boundary conditions mentioned above are a
simple way of eliminating evaporation and accumulating moisture near the surface of a
desiccated soil in the ideal one-dimensional case of a covered soil. Koemer (1990)
presents a test method for measuring water vapor flow through a geomembrane. The
water vapor transmission (WVT) test is used to measure the rate of water vapor
transmission through a geomembrane based on a relative humidity gradient across the
iner. The equivalent hydraulic conductivity of the geomembrane is then calculated
based on the pressure gradient required to achieve the WVT rate and the density of water.
Koerner (1990) demonstrates that the equivalent hydraulic conductivity of a 30-mil
geomembrane is on the order of 2.6E 10™ feet per second. In this investigation the field
test site included 6 inches to 1 foot of gravel placed on top of the geomembrane, which

reduces the relative humidity gradient across the liner thereby reducing WVT rate. In
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addition, the hydraulic conductivity of the liner is 5 to 6 orders of magnitude lower than
the soil hydraulic conductivity. Therefore for the purposes of modeling covered soil in

this investigation it is assumed that the surface of the liner creates a no flow boundary.

Model simulations were then performed over the same time periods as in the case of the
uncovered soil. At the end of each year the suction profile was updated and the following

year was simulated using the respective climate data.

63.2.1 Water Content Data

The water content profiles from the model and the average measured profile from the
center of the covered surface are shown in Figures 6-38 through 6-47. The measured
results are based on the average of water content data collected at access tubes D-5, E-3,
E-S, E-7, and F-5. The model results are based on the results from the drying curve

simulations. The results from simulations that used the wetting curve are discussed later.

In general the model results compare well with the field-measured water content profiles.
The drier soil near the surface begins to increase in water content immediately after
placement of the liner. The rate of increase in water content decreases after
approximately 4 months and the water content remains relatively constant from that point
on. This is expected since the gradient for upward flow is now very low or zero after the
initial wetting.

The field profiles tend to be slightly wetter near the surface than the model results
indicate. The reason for this is that in the field the near surface soils are highly weathered

and their hydraulic properties are likely to be slightly different than those used for the
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modeling. Given the close agreement in the results and the lack of laboratory data on the

weathered soil, the subtle differences due to weathering were not considered.

The measured and modeled water content from beneath the center of the siab at 1-foot
intervals to a depth of 6 feet, as a function of time, are shown in Figures 6-48 through 6-
53, respectively. Model results based on the drying SWCC and the wetting SWCC are
shown for comparison. In general, the data in Figures 6-48 through 6-53 indicate that the
model results compare well with the water content changes measured in the field. As
with the uncovered soil results the water content values obtained using the wetting curve
SWCC are slightly less than the water content values obtained using the drying curve
SWCC.

As discussed above and in Chapter 5.2.2 there was an initial rapid increase in water
content measured at a depth of 1 foot. The rapid increase in water content occurred near
the surface at most monitoring locations on the simulated slab at CSU (see field data
plots in Appendix C). The model does not show the same result. However, after the
initial increase at access tubes near the center of the slab, the water content from the
model and the measured water content remained relatively constant over time showing

some cyclical behavior associated with climatic trends.

The initial increase in water content noted in the measured data may be associated with
climatic trends. Another significant increase in measured water content occurred
between approximately 1,100 and 1,200 days (fall/winter 1995). A similar increase was
documented to a depth of 5 feet in the uncovered soil, between approximately 850 and

1,000 days during the summer of 1995.
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Figure 6-38 Measured water content profiles from 1993 in covered soil at CSU (based
on the average from D-5, E-3, E-5, E-7, and F-5)
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Figure 6-40 Measured water content profiles from 1994 in covered soil at CSU (based
on the average from D-5, E-3, E-5, E-7, and F-5)
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Figure 6-41 Model predicted water content profiles from 1994 in covered soil at CSU
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Figure 6-42 Measured water content profiles from 1995 in covered soil at CSU (based
on the average from D-5, E-3, E-5, E-7, and F-5)
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Figure 6-43 Model predicted water content profiles from 1995 in covered soil at CSU
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Figure 6-44 Measured water content profiles from 1996 in covered soil at CSU (based
on the average from D-5, E-3, E-3, E-7, and F-5)
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Figure 6-45 Model predicted water content profiles from 1996 in covered soil at CSU
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Figure 6-46 Measured water content profiles from 1997 in covered soil at CSU (based
on the average from D-5, E-3, E-5, E-7, and F-5)
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Figure 6-47 Model predicted water content profiles from 1997 in covered soil at CSU
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Figure 6-48 Water content at 1 foot in the covered soil from the CSU site
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Figure 6-49 Water content at 2 feet in the covered soil from the CSU site
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Figure 6-51 Water content at 4 feet in the covered soil from the CSU site
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Figure 6-52 Water content at 5 feet in the covered soil from the CSU site
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Figure 6-53 Water content at 6 feet in the covered soil from the CSU site
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Since the increase in the center of the slab occurs after more than 3 years of monitoring
and was preceded by an increase in the uncovered soil, it is likely due to moisture

migration from the edge of the slab after large precipitation events.

Review of the climate data indicates that the summer of 1995 was the wettest period
during the investigation and the results presented in Figures 6-17 through 6-22 indicate
that a significant increase in water content occurred in the uncovered soil in the summer
of 1995. Since the SoilCover model is a one-dimensional model it is not possible to
account for moisture that migrates laterally beneath the slab. However, the predicted
water content data in Figures 6-48 through 6-33 is reasonable for an ideal one-
dimensional situation. In addition, the large increase in water content in the center of the
slab after over 3 years of monitoring indicates that the edge moisture variation distance is

as high as 15 feet, half the width of the simulated slab.

6.3.2.2 Suction Data

Figures 6-54 through 6-59 show the measured and modeled suction beneath the slab as a
function of time from depths of 2, 5, 8, 11, 14, and 17 feet. Measured suction values
represent the average of data obtained from TCP locations, D-8.5 and D-6.5. As was the
case in the uncovered soil, the field measured suction data tends to agree more closely
with the model results from simulations conducted using the wetting SWCC. In addition
the measured suction data fluctuates significantly at each depth compared to the model
output. However, in contrast to the uncovered soil, the suction values in the upper 2 to 5
feet are lower than at depth. This is expected since the water content near the surface has

increased due to the reduced evaporative flux.
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Figure 6-54 Suction at a depth of 2 feet in the covered soil at the CSU site
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Figure 6-55 Suction at a depth of 5 feet in the covered soil at the CSU site
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Figure 6-56  Suction at a depth of 8 feet in the covered soil at the CSU site
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Figure 6-57 Suction at a depth of 11 feet in the covered soil at the CSU site
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Figure 6-58  Suction at a depth of 14 feet in the covered soil at the CSU site
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Figure 6-59 Suction at a depth of 17 feet in the covered soil at the CSU site
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At a depth of 2 feet (Figure 6-54) there were two relatively high suction readings in the
first year or two. For most of the remaining monitoring period the suction has been close
to zero, indicating that the upper 2 feet of soil is saturated, or that the TCP has been
damaged from wetting. The degree of saturation profiles from the center of the slab
(access tube E-5) from the first and most recent monitoring are shown in Figure 6-60.
The degree of saturation in the upper few feet originally ranged from approximately 46
percent at the surface to approximately 85 to 90 percent at a depth of 20 feet. Currently
the degree of saturation in the center of the slab ranges from approximately 65 percent
near the surface to approximately 85 to 90 percent at a depth of 20 feet. Fredlund and
Rahardjo (1993) state that the limits of suction measurement, with TCP’s, range from a
lower limit of approximately 33 feet (100 kPa) to an upper limit of approximately 2,640
feet (8,000 kPa). The relative humidity in that range of suction ranges from

approximately 100 percent down to approximately 94 percent, respectively.

The zero suction readings in the upper soils beneath the cover indicate the suction is less
than 33 feet. These low suction values (high relative humidity), associated with a
relatively high degree of saturation in the upper soils, indicate that the limits of suction
measurement may have been reached in the TCP’s at shallow depth beneath the slab.
The measured degree of saturation data in Figure 6-60 indicates that significant increases
in the degree of saturation (and heave) are still possible even though the suction

measurements near the surface are close to zero.

The suction data from below 2 feet, shown in Figures 6-33 through 6-59, fluctuate by

approximately 300 feet on an annual basis at all monitoring locations deeper than 2 feet.
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Figure 6-60  Initial and final degree of saturation beneath the center of the slab
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However, the average suction value increases from approximately 100 feet at a depth of 5

feet to approximately 400 feet at a depth of 17 feet.

In general the suction data from the model simulations beneath the slab are consistent
with the expected trends. The suction decreases with time as the water content of the soil
increases. As was the case in the model simulations in the uncovered soil, the measured
suction values fluctuate more than the model values and agree more closely with the
suction data from the wetting SWCC model. Also as discussed in Chapter 6.3.1.2 this is
a result of hysteresis effects not accounted for in the model and a slightly different

SWCC used for the model than what actually exist in the field.

6.3.2.3 Temperature Data
The temperature results from model simulation beneath the slab were the same as in the
uncovered soil. The results from the uncovered soil are shown in Figures 6-32 through 6-

37.

6.3.3 Summary

In summary, the results presented above indicate that the SoilCover model can be relied
upon with confidence to predict water content changes associated with changing
boundary conditions. The model output shows generally close agreement with field
measured water content and temperature data collected at the CSU Expansive Soils Test
Site. The suction values from the model are reasonable for the field conditions.
However, the field measured suction values vary significantly with time compared with

the model generated suction values.
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The time rate of variation is consistent with climatic trends. However, field measured
water content values from locations where the suction measurements were obtained do
not show significant variation in response to the large suction changes. This indicates, as
mentioned previously, that in the field small changes in water content are associated with

large changes in suction.

The results presented thus far indicate the limits of currently available hydraulic functions
that were developed for rigid soils, for modeling flow in expansive soil. The trends
observed in the field are reflective of volume changes that occur in the soil throughout
the wetting and drying process. Since the models assume a rigid soil matrix and the
constitutive parameters used for modeling flow are based on a rigid soil matrix there is an
inherent error in the theoretical framework. However, the general trends that are
observed in the field are represented in the model results. As such, the model can be used
to evaluate the relative effects of soil properties, geologic conditions, and climate

conditions on the development of the active zone and edge moisture variation distance.

It should be noted that there are one-dimensional flow models available such as
DEFORM (Edgar, 1983), that account for volume change. However, the DEFORM
model and others like it are not physically based models in terms of infiltration. Since
the results from the field investigation indicate the active zone depth and edge moisture
variation distance are more strongly influenced by infiltration processes and climatic
effects than by soil volume changes, the SoilCover model is considered to be a more

appropriate model for this investigation.
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For this investigation water content has been used as the primary variable for evaluating
active zone depth and edge moisture variation distance. Given that the model is
particularly sensitive to soil water characteristic and unsaturated hydraulic conductivity
input parameters, and that the state of knowledge in the area of interpretation of these
parameters for expansive soil is limited, the modeling results presented above are
considered to be quite good. The continued use of the SoilCover model for this research
to obtain infiltration values for use in a two-dimensional flow model and to evaluate

water content profile response to changing boundary conditions is appropriate.

The SEEP/W model (GEOSLOPE, International) was used for two-dimensional flow
modeling. The primary input parameters for both the SoilCover and SEEP/W models are
the SWCC, the saturated hydraulic conductivity, and an unsaturated hydraulic
conductivity function. Therefore it is assumed after evaluation of these parameters with

the SoilCover model that the same ones are appropriate for the SEEP/W model

6.4  Modeling Results

The results from the field investigation and from the model simulations presented above
indicate that the water content beneath the center of a slab-on-grade foundation increases
to a steady state value to a depth that is approximately equal to the depth of seasonal
moisture fluctuation. The magnitude of the steady state water content is a function of the
SWCC of the soil and the equilibrium suction of the soil. The edge effects, and the
reduction in the upward gradient for flow upon wetting of the upper soil layers, limit the

- ..

magnitude and depth of initial increase.
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After the initial increase in water content, boundary changes at the surface adjacent to the
structure control the long-term development of active zone depth and edge moisture
variation distance. Hence, continued wetting of the soil beneath a slab foundation
appears to be the result of lateral migration of water from extreme climatic conditions and
from manmade sources such as irrigation. In-addition, the flow patterns that contribute to
differential heave are a function of the geologic conditions of the soil and variation in
boundary conditions around the foundation. Finally, the time rate of development and
the magnitude of water content increase are functions of the soil properties, primarily

hydraulic conductivity and the soil water characteristic curve.

In general, irrigation water and water from extreme climatic events migrates beneath the
slab, and the ability of the soil to transmit water back upward, to the surface in the form
of water or vapor phase flow is limited by the obstruction of the slab. Additionally, water
that migrates during specific environmental events, to depths in excess of the depth of
seasonal moisture variation (evaporative depth), remains in the soil when the surface
boundary conditions change. That water is available for lateral flow to the drier soils
beneath the slab. As a result, the long-term condition is one of continued temporary
steady-state bebavior followed by an increase in the depth of wetting beneath the slab,

associated with a boundary condition change at the surface adjacent to the slab.

The above description indicates that the development of the active zone is a three-
dimensional problem and can not be fully evaluated with one-dimensional models, and
that it is a time-dependent problem that can not be evaluated with steady state models.

The one-dimensional modeling presented thus far does not address the issues of
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differential wetting or edge boundary effects. In addition, the use of the depth of
seasonal moisture variation to predict the active zone depth, is an example of the limits of

using a one-dimensional conceptual model to predict three-dimensional behavior.

The field data presented thus far indicates that the active zone depth will continue to
increase to its maximum depth based on stress conditions and the soil profile, at a rate
that is controlled by the hydraulic conditions of the soil and the frequency and magnitude
of boundary changes. Furthermore, development of the active zone appears to be
strongly affected by anisotropy in the soil and environmental conditions at the site. This
indicates that the use of an active zone depth value that is less than the maximum value

based on stress conditions, for the design of foundations, is not conservative.

The characterization of active zone depth and edge moisture variation distance presented
in the following chapters is based on the resuits from the SoilCover and SEEP/W models.
It was demonstrated in Chapter 6.3 that the models are not capable of simulating exact
behavior in terms of water content, suction, and temperature but that the trends noted in
the field are generally well represented in the model results. If the exact hydraulic
parameters for the soil were known the modeling results would more closely match the
field results, however, the models are also limited in that they do not account for volume
change and stress distribution in the soil. To evaluate the effects of soil properties,
geologic conditions and climatic conditions, the independent effects of each condition are

considered in terms of general trends.
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6.4.1 Soil Properties

The most important soil property with respect to flow through soil is the hydraulic
conductivity (saturated and unsaturated). Generally, the hydraulic conductivity controls
the rate of flow and is a function of the soil density, percent clay, and soil structure.
These properties are typically considered constants thereby making the hydraulic
conductivity a constant with respect to soil volume. The soil water characteristic curve
(SWCC) describes the water holding capacity of the soil at a given suction and is also a
function of soil density, percent clay, and soil structure as well as the wetting and drying
process. The SWCC data presented in Chapter 4 and the modeling results presented

earlier in this chapter illustrate the effects of wetting and drying on the SWCC.

Volume changes in an expansive soil are of significant magnitude to have an effect on
density and soil structure resulting in large changes in hydraulic conductivity and the
SWCC. The volume changes are particularly important near the surface of the soil where
stresses are low and water content changes dramatically with climate. As such, the
hydraulic conductivity and SWCC are technically not fundamental soil properties in an
expansive soil, but rather their relationship to volume change is a fundamental fanction

that controls the rate of flow and water holding capacity.

For the purposes of modeling presented in Chapter 6.3 the hydraulic conductivity was
assumed to be equal to 1.3E-07 feet per second, based on Iaboratory consolidation test
results. The SWCC determined by Chao (1995), presented in Chapter 4, was used for the
modeling presented in Chapter 6.3. The results from those model simulations compared

fairly well with field measured results in terms of water content changes in the soil.
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However, the consolidation test results indicate that there is a large variation in hydraulic
conductivity with stress. In addition the effects of volume change on the SWCC were
discussed previously. Since the effects of these two parameters combine to control the
infiltration rate and because their behavior in terms of expansive soil is not fully
understood, it is difficult to determine the appropriate values for each parameter

independently.

Because the results from the modeling presented in Chapter 6.3 compare well with the
field results, and because of the hysteresis effects shown in Figure 6-31, it was assumed
for this investigation that the laboratory measured SWCC data presented in Chapter 4 is
appropriate. As discussed earlier, the proper representation of water retention data in an
expansive soil for the purposes of modeling moisture flow and evaporation is a topic of
current research. The CLOD test method has been proposed for this purpose and was
used by Chao (1995) to obtain the SWCC used here.

Given the current state of technology for modeling evaporation and infiltration in an
expansive soil the hydraulic conductivity was selected for this research as the primary
variable in terms of evaluating the effects of soil properties on active zone depth and edge
moisture variation. To evaluate the effects of hydraulic conductivity, the initial value of
1.3E-07 feet per second, used for preliminary modeling presented in Chapter 6.3, was
varied by an order of magnitude in each direction (1.3E-06 to 1.3E-08 feet per second) in
the SoilCover model. The model simulations were conducted on the CSU site from
February 1, 1992 to October 31, 1998. The input climate parameters used in Chapter 6.3
were also used here.
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Figure 6-61 shows the results of three SoilCover model simulations utilizing hydraulic

conductivity values of 1.3E-06, 1.3E-07, and 1.3E-08 feet per second.
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Figure 6-61 Cumulative net infiltration as a function of hydraulic conductivity
The effects of hydraulic conductivity are most clearly visible with respect to the net
infiltration at the surface, the key component of flow effecting active zone depth and
edge moisture variation distance. The net infiltration at the surface given by the
SoilCover model is the difference between inflow and outflow across the soil surface

over a given time step.

As expected the cummlative infiltration results presented in Figure 6-61 indicate that the
hydraulic conductivity controls the flux rate at the surface. However, there appears to be
an optimum hydraulic conductivity in terms of flux rate. For example when the hydraulic
conductivity is equal to 1.3E-06 feet per second the cumulative infiltration fluctuates
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between —4.0 inches and +4.0 inches. When the hydraulic conductivity is decreased to
1.3E-07 feet per second the cumulative infiltration continues in the positive range
fluctuating between the initial value of zero and a maximum value of approximately 5
inches. However, when the hydraulic conductivity is decreased further to 1.3E-08 feet
per second, the cumulative infiltration is negative (net evaporation) due to the inability of

the soil to transmit moisture before it evaporates at the surface or runs off.

The cumulative infiltration and the cumulative precipitation are shown in Figure 6-62.

140
-—~ - C ¥ -‘- i
3 120 — -
S j
£ 100 - ’
5 —
= 80 ’_’,./
g -
S 60 ,_
= e
@ 40 ’_/f
- . /‘
< 20 — ‘
g Y k=1.3E-07 ft/s !
S 0 R SIS e 3E06 s —
k=1.3E-08 f's i
-20 , - ‘
0 500 1000 1500 2000 2500 3000 3500
Time (days)

Figure 6-62  Cumnlative net infiltration and precipitation as a function of time

The cumulative infiltration is very low for all three cases presented when compared to the
cumulative precipitation over the same time. The cumulative precipitation is
approximately 140 inches compared with cumulative infiltration that ranges from —4 to

+4 inches. This indicates that the majority of precipitation is lost to evaporation or
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runoff, and that the relative effect of hydraulic conductivity, in this range of values and in

this soil type, is minimal.

These results are for an ideal case of infiltration into a one-dimensional column of
homogeneous soil on a flat surface. The soil adjacent to the slab is not a flat surface.
Generally the area around the slab slopes to the southeast. In addition, when the
simulated slab was installed a berm was constructed adjacent to the slab on the north and
east sides to divert runoff from accumulating on the slab. On the north side the toe of the
berm intersects the surface of the simulated slab. However, on the east side of the slab
the toe of the berm is approximately 5 to 10 feet east of the slab edge and the soil surface
between the toe of the berm and the slab is irregular with moderately dense low
vegetation. It is believed that during snow melt and significant precipitation events water
accumulates in some of the undulations scattered within the area between the berm and
the slab, and this has contributed to the excess increase in water content along the east

side of the slab.

To demonstrate the effects of ponding on the eastern side and the effects of the geologic
dip and anisotropic structure of the Pierre shale on the development of the active zone
depth it was necessary to incorporate the two-dimensional flow model SEEP/W. The

results of two-dimensional modeling are presented in the following sub-chapter.

6.4.2 Geologic Conditions
The prominent geologic feature of the Pierre shale at the CSU test site is the bed dip. It
was proposed in Chapter 5 that the bed dip and anisotropic nature of the Pierre shale

contributes to the differential water content and heave pattems that have been observed.
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This description is purely qualitative, based on field observations, and has not been
validated from a numerical or quantitative stand point. To more fully investigate the
effects of bed dip on the observed behavior, a two-dimensional numerical model,

SEEP/W, was employed.

As discussed in Chapter 6.3.3 the primary input parameters for the SEEP/W model are
the SWCC, saturated hydraulic conductivity, and the unsaturated hydraulic conductivity
function. The same soil conditions were used for the two-dimensional modeling as were
used in the one-dimensional modeling with SoilCover. The finite element mesh

geometry used for the two-dimensional modeling is presented in Appendix E.

The SEEP/W model allows the user to specify a hydraulic conductivity direction. The
bydraulic conductivity direction simulates the angle of dip by orienting a set of x'-y’ axes
by the specified angle relative to the x-y plane. The new axis orientation, x'-y’,
represents the bed dip where, X’ is parallel to the bedding plane, and y’ is perpendicular to
the bedding plane. Assuming that the x-plane in this case represents the east-west
direction at the site, rotating the x-y plane 25 degrees from the horizontal to obtain x'-y’,
simulates the general bed dip at the CSU site. In addition, the ratio between the
borizontal and vertical hydraulic conductivity (Kw/Ky) can range between 2 and 10 for
normally consolidated sedimentary clay (Lambe and Whitman, 1969). Horizontal
permeability tests were not performed on samples from the CSU site. Therefore, as an

approximation the Ky/K, ratio was assumed to be 10.

To evaluate the effects of bed dip and anisotropy, two model simulations were conducted,
one with a horizontal (zero bed dip) orientation and isotropic conditions, and a second
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with a 25-degree bed dip orientation and anisotropic conditions. The resuits from the two

model simulations are presented in Figures 6-63 through 6-72.

Figures 6-63 through 6-72 show the water content, at a depth of 1 foot below the slab, as
a function of distance from the west edge of the slab. Figures 6-63 and 6-64 show the
results from 1993 with and without considering bed dip and anisotropy, respectively. In
general the bed dip and anisotropy result in a slight increase in infiltration beneath the
west side of the slab, in the direction of dip and higher permeability. The same result is
evident in Figures 6-65 through 6-72. The model results indicate that the water content
beneath the slab increases during large precipitation events and that the increase is larger

due to the bed dip and anisotropy along the western side of the slab.

Field measured water content data from the CSU site taken at a depth of 1 foot is shown
in Figures 6-73 through 6-77. In general there is more variability in the field-measured
water content laterally beneath the slab. This is due to the natural variability in soil
structure at the site. Also, the data from 1993 shows a large increase in water content that
does not appear in the first year of modeling. This does not appear in the model results
because of the initial conditions that were used for the modeling. It was assumed for the
SEEP/W modeling that the initial wetting due to slab placement and subsequent decrease
in evapo-transpiration had already occurred, and that the water content profile was a
constant 15 percent with depth. As was the case in the preliminary SoilCover simulations
the magnitude of the water content from the model is less than the measured values. This

is due to the SWCC that was used for modeling compared with actual conditions.
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Figure 6-63 Predicted water content in 1993 as a function of lateral position at a depth
of 1-foot beneath the slab — bed dip =0, KyKy=1
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Figure 6-64 Predicted water content in 1993 as a function of lateral position at a depth
of 1-foot beneath the slab — bed dip =25°, Ky/K,=10
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Figure 6-65 Predicted water content in 1994 as a function of lateral position at a depth
of 1-foot beneath the slab — bed dip = 0, Ky/K=1
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Figure 6-66 Predicted water content in 1994 as a function of lateral position at a depth
of 1-foot beneath the slab — bed dip =25°, Ky/K=10
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Figure 6-67 Predicted water content in 1995 as a function of lateral position at a depth
of 1-foot beneath the slab — bed dip =0, Ky/K=1
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Figure 6-68 Predicted water content in 1995 as a function of lateral position at a depth

of 1-foot beneath the slab — bed dip =25°, Ky/Kv=10
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Figure 6-69 Predicted water content in 1996 as a function of lateral position at a depth
of 1-foot beneath the slab — bed dip = 0, K/Ky=1
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Figure 6-70  Predicted water content in 1996 as a function of lateral position at a depth

of 1-foot beneath the slab —bed dip = 25°, KWK
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Figure 6-71 Predicted water content in 1997 as a function of lateral position at a depth
of 1-foot beneath the slab — bed dip =0, Ky/K=1
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Figure 6-72  Predicted water content in 1997 as a function of lateral position at a depth
of 1-foot beneath the slab —bed dip =25°, K/K.=10
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Figure 6-73  Field measured water content in 1993 as a function of lateral distance from
the west edge of the slab, at a depth of 1-foot
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Figure 6-74 Field measured water content in 1994 as a function of Iateral distance from
the west edge of the slab, at a depth of 1-foot
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Figure 6-75 Field measured water content in 1995 as a function of lateral distance from
the west edge of the slab, at a depth of 1-foot
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Figure 6-76 Field measured water content in 1996 as a fumction of Iateral distance from
the west edge of the slab, at a depth of 1-foot
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Figure 6-77 Field measured water content in 1997 as a function of lateral distance from
the west edge of the slab, at a depth of 1-foot

Given these differences the model results are considered reasonable. They demonstrate
the effects of extreme climatic events on infiltration from the adjacent soils. The
seasonal fluctuations near the edges of the slab due to cyclical climatic events are

consistent with the observed behavior.

The field measured water content data from the eastern side of the slab however, shows
the progression of water downward along the edge of the slab and to a lesser degree at §
feet and 10 feet inward from the edge of the slab. This was presented in Chapter 5 and

can be seen in water content profiles for monitoring locations A-5, B-5, and C-5 in

Appendix C and in Chapter 5. The progression of water downward has not yet been
demonstrated numerically by the modeling. The model results presented here that

include the bed dip and anisotropy do not account for this observed behavior.
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As discussed above the stress distribution in the soil is not accounted for in the models
used in this investigation. As an indirect approach to accounting for the stress
distribution, the soil profile can be distributed in layers consistent with the geologic
layering at the site. In the case of the CSU site, four general layers were identified and
discussed in Chapter 3. For flow modeling, the stress distribution of the soil can be
accounted for by decreasing the hydraulic conductivity in each soil layer with depth. The
model results presented thus far indicate that infiltration is relatively low given the
current boundary conditions and the effects of decreasing hydraulic conductivity at depth
are not significant. Therefore, this aspect of the geologic conditions is addressed in

Chapter 6.4.3 after the environmental boundary conditions of the model are evaluated.

6.4.3 Environmental Conditions

It was suggested in Chapter 5 that water impounded along the eastern side of the slab has
affected the moisture migration patterns that have been observed beneath the slab. A
review of the data from Goode (1982) and Hamberg (1985), presented in Chapter 2,
shows that the maximum water content values observed along the edge of their simulated
slabs were approximately 17 to 19 percent. The maximum water content values observed
in this investigation are approximately 25 to 30 percent, see for example water content
profiles A-1, A-3, A-5, A-9, B-5, and C-5. The climate conditions and soil types in these
two investigations are the same. However, as mentioned above there is a berm on the
eastern side of the slab in this investigation and impounded water at that location may be

contributing to the higher water content values measured on the eastern side of the slab.
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A ponding scenario was introduced in the SEEP/W model to more fully investigate the
effects of the boundary conditions at the site. SEEP/W simulations were conducted
assuming that during precipitation events a constant inflow boundary condition, equal to
the permeability of the soil, occurs along the eastern edge of the slab. The results ffom
those model simulations are presented in Figures 6-78 through 6-82. The water content
beneath the slab as a function of lateral distance from the western edge is shown for years

1993 through 1998 in Figures 6-78 through 6-82, respectively.

The results shown in Figures 6-78 through 6-82 indicate that water impounded along the
eastern side of the slab during precipitation events, will migrate inward toward the drier
soils beneath the center of the slab. This is consistent with the measured field data shown
in Figures 6-73 through 6-77. However, the magnitude of water content from the model
(Figures 6-78 through 6-82) is less than that observed in the field, (Figures 6-73 through
6-77) for reasons discussed in Chapter 6-2. The general trend however, of water content
increase along the edge and migration laterally resulting in water content increases at

locations inward from the edge over time is apparent in both the model and field results.

Figure 6-83 shows the time rate of water content increase from the model at a point
located S feet inward from the eastern edge of the slab, at three depths in the soil near the
surface. Similar model results from the center of the slab and from a point located 4 feet
inward from the western edge of the slab are shown in Figures 6-84 and 6-85. In general,
the model results show that the water content beneath the slab is gradually increasing and

the magnitude of increase is significantly higher along the eastern side, as expected.
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Figure 6-78 Predicted water content in 1993 as a function of lateral position at a depth
of 1-foot beneath the slab — bed dip = 25°, K/K,=10, with ponding
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Figure 6-79 Predicted water content in 1994 as a function of lateral position at a depth

of 1-foot beneath the slab —bed dip = 25°, Ky/K\=10, with ponding
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Figure 6-80 Predicted water content in 1995 as a function of lateral position at a depth
of I-foot beneath the slab ~ bed dip = 25°, Ky/K,=10, with ponding
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Figure 6-81 Predicted water content in 1996 as a function of lateral position at a depth
of 1-foot beneath the slab —bed dip =25°, KyK+=10, with ponding
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Figure 6-82 Predicted water content in 1997 as a function of lateral position at a depth
of 1-foot beneath the slab — bed dip = 25°, K/K,=10, with ponding
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Figure 6-83 Predicted water content at a point located 5 feet inward from the east edge
as a function of time — bed dip = 25°, Ky/K\=10, with ponding
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Figure 6-84 Predicted water content at a point located in the center of the slab as a
function of time — bed dip = 25°, K/K,=10, with ponding
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Figure 6-85 Predicted water content at a point located 4 feet inward from the west edge
as a function of time — bed dip =25°, Ky/K,=10, with ponding
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The modeled water content from the eastern edge of the slab to approximately 5 feet
inward from the edge is approaching 25 percent. Based on the weight-volume
relationship of the soil, 25 percent gravimetric water content represents a saturated soil in
the model. The measured degree of saturation was presented in Figure 6-60. The
difference between the measured degree of saturation and the degree of saturation

obtained from the model is due to the inability of the model to account for volume
change.

Field data from depths of 1, 2, and 3 feet at access tubes located along the centerline of
the slab at the field test site is shown in Figures 6-86 through 6-94. The field data show
the same trend as seen in Figures 6-83 through 6-85. Figure 6-86 shows that at the edge
of the slab (A-5) the water content increased rapidly and has since continually fluctuated
with climatic trends.

At locations B-5 (Figure 6-87) and C-5 (Figure 6-88) the water content increases later
than at A-5, indicating that water is migrating from the eastern edge (near A-5). In
addition, the field resuits in Figures 6-86 through 6-94 indicate that the water content

beneath the center and edge of the slab fluctuates with climatic trends.

As discussed in Chapter 6-2, the model results differ somewhat in magnitude from the
field results due to the infiltration-evaporation boundary conditions that were predicted
by the SoilCover model. The reasons for the difference between the model and the field
results can be divided into two groups; those related to the assumptions that are made
during the formulation of the model and those related to the difficulties in determining

and applying the appropriate constitutive parameters for the models.
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Figure 6-86 Measured water content as a function of time from Access Tube A-5
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Figure 6-87 Measured water content as a function of time from Access Tube B-5

located 5 feet inward from the eastern edge of the slab
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Figure 6-88 Measured water content as a function of time from Access Tube C-5
located 10 feet inward from the eastern edge of the slab
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Figure 6-89 Measured water content as a function of time from Access Tube D-5
located 15 feet inward from the eastern edge of the slab
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Figure 6-90 Measured water content as a function of time from Access Tube E-5
located in the center of the slab
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Figure 6-91 Measured water content as a function of time ffom Access Tube F-5
located 15 feet from the western edge of the slab
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Figure 6-92 Measured water content as a function of time from Access Tube G-35
located 10 feet from the western edge of the slab
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Figure 6-93 Measured water content as a function of time from Access Tube H-5
located 5 feet from the western edge of the slab
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Figure 6-94 Measured water content as a function of time from Access Tube [-5
located along the western edge of the slab

The constitutive parameters used in this investigation were discussed in Chapter 4 and
Chapter 6.2. Wilson (1990) lists several limitations to the theoretical development for the
evaporation and infiltration formulations that he derived and which are used for the
SoilCover model. Generally, the theoretical development used in the SoilCover model is
based on a constant volume soil structure, and as mentioned earlier, the SWCC is
significantly affected by volume change. The development of the SWCC used for this
investigation and the effects of volume change were discussed in Chapter 4 and Chapter
6.3. Also important to the application of the SoilCover model to expansive soils is the
occurrence of desiccation. The SoilCover model does not account for this phenomenon
and Wilson (1990) did not investigate the effects of shrinkage and cracking on

evaporation and infiltration. Shrinkage and cracking near the surface of the soil may
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account for the larger fluctuations in water content at shallow depths observed in the field

than were obtained from the model.

In addition, Wilson points out that the SWCC must be defined at the same temperature as
the soil during the evaporative process. Laboratory tests conducted by Wilson (1990)
show that the SWCC for sand, silt, and clay are particularly sensitive to temperature at
high values of total suction. The TCP data presented in Chapter 4 shows that the
maximum suction measured in the upper two feet of the surrounding soil at the CSU test
site is 1,500 feet of water. Wilson (1990) suggests the sensitivity may be related to
changes in osmotic suction with temperature, a condition also proposed by Miller (1996).
Figure 6-95 shows the suction-water content data measured at the CSU site in the
uncovered soil plotted as a function of temperature. Although there is considerable
scatter in the data, linear trend lines indicate that field measured suction can vary by as

much as 500 feet when temperature conditions are considered.

The effects of layering were briefly discussed in Chapter 6.4.2, and are more fully
evaluated here. The soil profile at the CSU site is presented in Figure 3-4. A two-layered
soil was considered by assuming that soils in the upper approximately 5 feet (organic-silt,
yellow-tan clay, and reddish-yellow clay) are layer one, and the deeper soil (reddish-
brown weathered clayshale) are layer two. The soil properties of the two layers were the
same as in previous modeling except that the hydraulic conductivity of the deeper soil
was decreased to 7.8E-8 feet per second, based on data presented in Figure 6-2. The
bentonite seams and the shattered clayshale were not considered in these model

simulations, and are discussed Iater.
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Figure 6-95 Measured suction-water content from J-5.5 in the uncovered soil adjacent
to the slab
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The model conditions used for the ponding scenario presented above were used for the
two layered soil simulations. The effects of layering can be seen in Figures 6-96 through
6-99. Figure 6-96 shows the modeled water content as a function of lateral distance from
the western edge of the slab for 1997, from the two-layered soil simulations. To see the
effects of layering the results in Figure 6-96 can be compared with results presented in
Figure 6-82 for the homogeneous soil. In general, the lower hydraulic conductivity soil
below 5 feet results in a slower progression of water downward and an increase in the
rate of lateral migration toward the center of the slab. Figure 6-97 shows the time rate of
increase in water content at a point located 5 feet inward from the eastern edge of the
slab. Those results, compared with results in Figure 6-83 for a homogeneous soil,
indicate that the water content increases more rapidly beneath the slab when the lower
hydraulic conductivity of the deeper soils is considered. Figures 6-98 and 6-99 show the
modeled water content profiles at a point located 5 feet inward from the eastern edge of
the slab, from the first and last days of monitoring at the site, based on a homogeneous
soil and the two-layered soil, respectively. Those results show the lateral migration of
water from the edge of the slab inward and how it is affected by the lower hydraulic

conductivity in the deeper soils.

Generally, the results presented thus far indicate that the models agree with the trends
observed in the field and can be used to further predict the long-term behavior. The exact
inflow value or function to account for ponding along the eastern side of the slab is not
known. However, the preliminary estimates based on reasonable assumptions give
reasonable results. The final phase of this research was to evaluate the development of

the maximum active zone depth at the CSU site.
241

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1]
[

Water Content
—t
W

T —e—0uIsH7 (1507)
10 - —=— 110197 (1766)  —
_ : —k—02/15/58 (1872
d ‘ —e—103198 2130)  —
: —0—08/05/98 (2043) '
0 :
0 10 20 30 40 50
Distance from West Edge (feet)

Figure 6-96 Predicted water content in 1997 as a function of lateral position at a depth
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Figure 6-97 Predicted water content at a point located 5 feet inward from the east edge
as a function of time — bed dip = 25°, KyK,=10, with ponding in a 2-
layered soil
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Figure 6-98 Predicted water content profile at a point located 5 feet inward from the
east edge — bed dip = 25°, Ky/K=10, with ponding in a homogeneous soil
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east edge —bed dip = 25°, Ky/K+=10, with ponding in a 2-layered soil

244

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.4.4 Maximum Active Zone Depth

The primary question when designing foundations on expansive soil is “how deep is the
active zone”? The current state of practice for estimating active zone depth was
discussed in Chapter 1. In addition, the definition of active zone depth has been
examined throughout this dissertation. The modeling results presented thus far in this
Chapter provide support for conceptual models proposed in this dissertation concerning
the definition of active zone depth and the effects of soil properties, geologic conditions,

and climate conditions.

The results presented thus far indicate that the long-term development of the active zone
is controlled by the boundary conditions at the surface of the soil adjacent to the slab. In
an arid climate the conditions at the surface of uncovered soils are primarily a function of
the interchange of moisture due to infiltration and evaporation processes. The
development of the active zone beneath the slab appears to be a function of the flow

conditions in the soil adjacent to the slab and lateral flow beneath the siab.

It was demonstrated in Chapter 5.3.1 that the maximum active zone depth, based on
stress conditions in the soil at the CSU site, is 35 feet. In addition, field data presented in
Chapter 5 indicate that the active zone depth is continuing to increase and heave
continues to occur at the surface. Numerical modeling results presented above using the
soil and climate conditions at the test site and an assumed ponding scenario along the
eastern side of the slab indicate that the model results, with regard to depth of wetting
(active zone), agree with the field observations. The maximum depth of the active zone,

35 feet, has not been observed in the field. However, water content has been monitored
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to a depth of only 20 feet. In addition the maximum depth of water content increase thus
far is 18 feet, but that must be considered within the limits of measurement. It is believed

that over time the depth of wetting will reach the maximum depth of active zone.

The increased water content that has developed beneath the eastern edge of the slab and
has been sustained and gradually increasing since construction has not been modeled
precisely. However, it is believed that the development of desiccation cracks during dry
periods followed by significant precipitation, results in the inflow of water, swell of the
soil, and closing of fractures, resulting in lower permeability soil that does not allow
rapid upward flow and evaporation. A portion of the water that infiltrates at a high rate is
then stored temporarily in the profile until the next evaporation event. During that time
the excess moisture is available for lateral flow beneath the slab where evaporation

effects are further reduced due to the slab at the surface.

The SoilCover model is a one-dimensional model that does not account for macro-pore
flow and volume change conditions described above. As a result, the predicted
evaporation rates may be higher than what actually occurs in the field. In addition, the
SEEP/W model does not account for volume change. Water content is calculated based
on changes in head and the SWCC in terms of volumetric water content. Therefore, the
gravimetric water content values from the two-dimensional modeling presented in this

dissertation are based on an average constant dry density of the soil.

6.44.1 Irrigation and Vegetation
In this sub-chapter the numerical modeling was expanded to include a watering cycle as

would occur at a typical residence along the Front Range of Colorado. The Northern
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Colorado Water Conservancy District (NCWCD) recommends the following watering

schedule for typical home sites along the Front Range.

e 1 inch per week May 1¥
e 1.5inchesperweek  June 15®
e 1 inch per week August 1¥ — September 15th

The NCWCD watering schedule was incorporated into the SoilCover model as additional
precipitation. The SoilCover model was then used to calculate the new infiltration values

for use as boundary conditions in the SEEP/W model

The results of the SoilCover modeling over the same time period as has been used in the
previous simulations are shown in Figures 6-100 and 6-101. The cumulative infiltration
is shown for the conditions of an irrigated soil and a non-irrigated soil. In the case of the
irrigated soil, two types of vegetation were considered. The first case assumed the native
vegetation was left in place and watered in accordance with NCWCD recommendations.
The second case assumed that Kentucky bluegrass was planted and watered in
accordance with NCWCD recommendations. Although the watering schedules are the
same for both cases, the root depths and leaf area index of these two vegetation types are
different. The native vegetation was discussed in Chapter 6.2.1.2 and is characterized by
root depths of 0.5 to 5 feet. The leaf area index of the native vegetation was assumed to
be consistent with that of poor grass. Most roots of Kentucky bluegrass are found in the
upper 3 inches (FEIS, 1996). The leaf area index of the Kentucky bluegrass was assumed

to be consistent with that of excellent grass.
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The results in Figure 6-100 indicate that the typical irrigation schedule for the Fronmt
Range area increases the infiltration by 300 to 400 percent depending on the type of
vegetation. The limitations of the vegetation algorithm used in the SoilCover model have
been discussed. However, these results provide insight into the effects of irrigation and
root depth on the development of the active zone. In general the infiltration rate is
increased by the addition of water, as expected. However, based on these results, this
condition is also exacerbated at the CSU site by replacement of the native vegetation with

Kentucky bluegrass.

Figure 6-101 shows the cumulative precipitation and irrigation with the infiltration
results. The results shown in Figure 6-101 indicate that a significant portion of
precipitation and irrigation is lost to evaporation or runoff. Given the homogeneous
nature of the soil used in the model simulations, these resuits are believed to be non-
conservative. In general macro-pore flow and infiltration through loosely placed backfill

would tend increase the depth of the active zone more rapidly.

6.4.4.2 Long-Term Conditions

The CSU site conditions were used to model long-term active zone development of an
irrigated site. The soil profile was modeled after the CSU profile shown in Figure 3-4.
The two-layered soil that was modeled in Chapter 6.4.3 was modified to include the

bentonite seams and the shattered weathered clayshale shown in Figure 3-4.

The hydraulic conductivity of the bentonite seams was assumed to be 7.8E-09 feet per
second, an order of magnitude lower than the reddish brown weathered clayshale. The

SWCC for the bentonite seams was determined based on the water content profiles
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presented in Chapter 5 (Figures 5-9 through 5-14). In general, the profiles indicate that
the water content in the bentonite seams is 5 percent higher than the soil above and below
the bentonite seams. For example, the water content at a depth of 16 feet in access tube
B-5 is approximately S percent higher than the water content at a depth of 15 and 17 feet.
The suction in this range is assumed to be approximately constant with depth, hence the
water holding capacity of the bentonite seam is greater than the weathered clayshale.
Therefore, it was assumed that the SWCC for the bentonite seam has the same general
shape as the SWCC for the weathered clayshale, and that they are offset by 5 percent

water content.

The shattered weathered clayshale was modeled with the same soil properties as the
weathered clayshale except that the hydraulic conductivity was assumed to be 7.8E-07

feet per second, an order of magnitude higher than the weathered clayshale.

The long-term conditions were evaluated by modeling the CSU site conditions from 1992
to 2019. Development of the long-term active zone was evaluated from the results shown
in Figures 6-102 and 6-103. The water content profiles from locations measuring
approximately 5 feet from the eastern edge of the slab and 4 feet from the western edge
of the slab are shown in Figures 6-102 and 6-103, respectively. The results indicate that
the water content increases gradually throughout the profile. The magnitude of increase
is small, on the order of 1.5 percent water content, however as mentioned previously,
these small changes in water content are associated with relatively large changes in
suction and hence heave. The depth of water content increase was as high as 35 feet; the

maximum active zone depth based on stress conditions. Modeling was not conducted
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below 35 feet, although the bottom elements of the mesh were considered to be infinite

clements.

Figures 6-104 and 6-105 show the time rate of change in water content near the surface
beneath the slab at the two points located approximately 5 feet inward from the eastern
edge of the slab and 4 feet inward from the western edge of the slab, respectively. The
results shown in Figures 6-104 and 6-105 indicate that the rate of water content increase
is relatively high. After approximately 2,000 days (5 to 6 years) the rate of increase is
lower, however, the seasonal fluctuations continue, particularly on the western edge of
the slab. In addition, although the rate of increase is less, the long-term conditions after

approximately 27 years indicate that the water content is still increasing.

These results indicate that the water content beneath a slab foundation constructed at the
CSU site where irrigation has been applied in accordance with local guidelines will
continue to increase throughout the depth of potential heave, 35 feet, for at least 27 years,
the time considered in this investigation. There are several important considerations

associated with these findings. .

e The rate of increase is slow and the water content changes shown would not be
identifiable with typical field sampling methods.

o The depth of wetting shown in Figures 6-102 and 6-103 does not manifest itseif in the
form of a “wetting front” but rather wetting occurs throughout the profile. This is not
consistent with expected trends based on field.

e Typical slab-on-grade construction practices along the Front Range of Colorado that
assume the depth of seasonal moisture fluctuation is equal to the active zone, are
inadequate for controlling heave of lightly loaded structures. This can also be
extended to pier and grade beam construction practices where the depth of piers is
typically 10 to 15 feet.

e These results are not considered to be conservative given that macro pore flow,
volume change of the soil, and additional sources of water such as impounded water
or broken utilities have not been considered.
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Figure 6-102 Water content profiles 5 feet inward from the eastern edge of the slab
based on the long-term model results
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based on the long-term model results
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Figure 6-104 Time rate of change in water content near the surface 5 feet inward from
the eastern edge of the slab based on the long-term model results
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CHAPTER 7
SUMMARY AND CONCLUSIONS

The primary objectives of this dissertation, as stated in Chapter 1 were as follows:

1.

2.

Examine the previously proposed definitions and develop rigorous definitions for the
term’s “active zone depth™ and “edge moisture variation distance”.

Monitor water content, suction, and heave beneath a simulated slab foundation

under controlled conditions where the evapo-transpiration has been significantly
reduced.

Determine the active zone depth and edge moisture variation distance in terms of the
observed moisture migration and heave patterns.

Characterize the active zone depth and edge moisture variation distance in terms of
the effects of environmental conditions, geologic conditions, and soil properties.

Evaluate the active zone depth and edge moisture variation distance using numerical
techniques to simulate boundary conditions not considered in the field investigation.

The results of the field, laboratory, and numerical investigations carried out indicate the

study objectives have been met.

The historical definitions of active zone depth and edge moisture variation distance were

reviewed in Chapters 1 and 2. In addition, a new defnition that accounts of the time-

dependent and spatially dependent nature of the active zone depth was proposed n

Chapter 1. Details of the field test sites were presented in Chapter 3. The results of a

laboratory investigation were presented in Chapter 4 and used in support of the numerical

modeling presented in Chapter 6. The results of monitoring at the field-test sites and an

evaluation of active zone depth and edge moisture variation distance in terms of observed
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moisture migration and heave patterns were presented in Chapter 5. The effects of
environmental conditions, geologic conditions, and soil properties were evaluated in
Chapter 5 based on the field test site results and further with numerical methods in
Chapter 6. The proposed definition for active zone depth appears to be appropriate based

on the results from the field investigation and from the numerical models.

7.1  Key Observations and Conclusions
The foundation design parameters referred to as active zone depth and edge moisture
variation distance were studied in this investigation. Observations and conclusions

resulting from this investigation are summarized below.

1. Review of the literature indicated that active zone depth was not clearly defined.
Previous attempts to define active zone depth were based on techniques for
approximating its value. As such, a quantitative method for estimating or
measuring the depth of the active zone does not exist.

2. The zone of seasonal moisture fluctuation and the depth of wetting are not
necessarily the same as the depth of the active zone (as shown in Figure 5-20).
Practitioners have historically used these two depths to predict the depth of the
active zone. The zone of seasonal moisture fluctuation is the zone of soil in which
environmental conditions, primarily water content, fluctuate due to seasonal
climatic changes. For this investigation the water content distribution below the
zone of seasonal fluctuation is referred to as the equilibrium water content. The
depth of wetting is the zone in the soil where the water content increases due to
external factors to values greater than the equilibrium water content. This zone, or
portions of it, may or may not contribute to heave depending on soil conditions,
swelling pressure, overburden, and applied stress.

3.  The term active zone depth has been defined in this research as “the zone in the soil
beneath a structure that is contributing to the actual heave that takes place at some
point at the surface, at a given time (t).” As such, the depth of the active zone is
time dependent and spatially dependent and is limited by two conditions (as shown
in Figure I-1).
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o The depth of the active zone can not be deeper than the depth at which the
overburden pressure is equal to the swell pressure.

o The depth of the active zone can not be deeper than the depth of expansive soil.

4.  The historical definition of edge moisture variation distance is appropriate however;
methods of estimating it have not been sufficiently tested. Review of the literature
indicated that the term edge moisture variation distance has been historically
defined as the distance measured inward from the edge of the slab over which
moisture changes occur in response to seasonal climate variations, and result in soil
movement.

(4]
h

Field data from the CSU site presented in this dissertation indicate the zone of
seasonal moisture fluctuation based on water content data, represents an
underestimate of the depth of the active zone. Water content profiles from
uncovered soil, based on over 6 years of data, indicate that the zone of seasonal
moisture fluctuation is approximately 5 to 7 feet (Figure 5-14). Water content
profiles from the covered soil in the same location indicate that the depth of the
active zone is at least 18 feet (Figures 5-9 and 5-10).

6. Two modes of development of the active zone were observed at the CSU site. In
general the initial water content at the site ranged from approximately 10 to 12
percent in the upper S to 7 feet to approximately 15 percent below 7 feet, and was
relatively constant to a depth of 20 feet. The water content on the western side and
center of the slab increased to approximately the equilibrium water content, 15
percent, as defined in Chapter 5. In those locations the active zone is approximately
equal to the depth of seasonal moisture fluctuation, 5 to 7 feet. Along the eastem
side the water content has increased to values between 25 and 30 percent and the
depth of the active zone is 18 feet, the depth of wetting. The differential wetting
pattern is attributed to water that is impounded along the eastern side of the slab as
a result of large precipitation events and snow melt.

7. Field data from the FSH site presented in this dissertation indicate that the zone of
seasonal moisture fluctuation at that site is approximately 5 feet. Since the depth of
expansive soil at the FSH site is limited to the upper 5 to 6 feet, the depth of
seasonal moisture fluctuation is approximately equal to the maximum depth of the
active zone.

8. Increases in the depth of water content increase (active zone) at the CSU site
generally follow short periods of no increase and tend to coincide with an increase
in the rate of rainfall accumulation. The rate of rainfall accumulation typically
increases in the spring when there is also an increase in temperature. The increased
surface temperature results in a thermal gradient that causes an increase in
downward flow from the warmer to the cooler regions of the soil. Since May 1995
the depth of water content increase has remained constant indicating that for the
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current boundary conditions the soil has reached steady-state water content
distribution and the depth of the active zone is 18 feet.

9. The depth of water content increase is greatest along the edge of the slab and
decreases incrementally in access tubes located inward from the edge of the slab. In
addition the time for the water content to increase is greater with greater distance
from the edge, indicating that the source of water is from outside the boundaries of
the slab where water is periodically impounded or where water is introduced by
extreme climatic events. This indicates that an edge lift condition exists at the site
and that although cyclical changes in water content occur near the edge due to
climate fluctuations, the slab has not reached a condition of steady-state or
equilibrium.

10. Based on water content data from a depth of 1 foot beneath the slab (Figures 5-24-
5-31) the edge moisture variation distance at the CSU site is equal to half the slab
width, 15 feet in the north-south direction. However, in this investigation the slab
was exposed to atmospheric conditions and temperature fluctuations at the surface.
This would not typically be the case for a residential foundation where the structure
is maintained at a constant temperature. The temperature changes contributed to
moisture fluctuations in the center of the slab. Therefore, the distinction must be
made between edge effects and surface effects in order to determine edge moisture
variation distance as defined above. However, it is believed that the PTI (1980)
method, which uses the Thornthwaite moisture index method, underestimates the
edge moisture variation distance. The maximum edge moisture variation distance
for this site from the PTI (1980) method is less than 6 ft.

11. Elevation data from the CSU site indicates that the majority of heave at the site has
occurred along the eastern side as would be expected from the water content data.
However, heave is continuing to increase in the center and on the western side of
the slab where it appears that water content changes have not recently occurred. It
is believed that the elevation changes occurring in the center and along the western
side of the slab are due to small changes in water content that are not detectable
with the field instrumentation used in this investigation.

12. Heave predictions that utilize the depth of water content increase presented above
show good agreement with measured heave at the site. This indicates that the water
content increases beneath the slab, observed below the depth of seasonal moisture
fluctuation are contributing to heave at the surface. If the zone of seasonal moisture
fluctuation of 5 to 7 feet were used in the calculations, the predictions would not be
conservative.

[3. The maximum predicted heave values at the CSU and FSH sites based on the
maximum active zone depth, are 823 and 5.62 inches, respectively. These
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maximum heave values are also based on the assumption of a final saturated soil
condition.

14. Suction data measured at depths of 17 feet indicates that the zone of seasonal
fluctuation is at least 17 feet. This indicates that the suction method (McKeen and
Johnson, 1990) may have some merit for predicting active zone depth. However,
measurements were not taken below 17 feet.

I5. Suction measurements 2 feet beneath the slab have been at or very close to zero
since approximately one year after installation. However, based on water content
and density measurements in the center of the slab, the initial and final degree of
saturation profiles in the center of the slab indicate that the degree of saturation in
the upper few feet of soil has ranged from 40 percent to 65 percent. The lower limit
of suction measurement with a TCP is approximately 33 feet (100 kPa) (see
Fredlund and Rahardjo, 1993). This indicates that significant increases in the
degree of saturation and heave are still possible even though the suction
measurements near the surface are close to zero.

16. Although the theory of unsaturated soils and flow through unsaturated soils in
particular has advanced significantly in the Iast 10 to 20 years, the current state of
technology with regard to numerical modeling of infiltration, evaporation, and
moisture migration in expansive soil is limited. The governing equations for
modeling flow have been extended to account for deformable soils with some
success (Edgar, 1983). However, expansive soils along the Front Range of
Colorado and elsewhere present a particular challenge with regard to modeling
flow.

e Pierre shale at the CSU test site consists of highly overconsolidated weathered
clayshale with a low degree of saturation and high expansive potential. The
soils in the upper 5 to 7 feet cycle through conditions of relatively high degree
of saturation (low suction) and very low degree of saturation and desiccation
(high suction). The volume changes that occur during large suction changes
contribute to the complexity of modeling infiltration. Constitutive parameters
and soil hydraulic properties for these soil types are not well understood. In
particular the SWCC and hydraulic conductivity functions are not well defined
and do not account for desiccation and volume changes that occur near the soil
surface.

e The deeper weathered Pierre shale (below 5 to 7 feet) at the CSU site consists of
a relatively dry, fissile, shale that appears to exhibit different characteristics of
micro and macro pore flow. Constitutive relationships for flow through this soil
type also have not been developed.

17. Reasonable results with regard to modeling water content changes in unsaturated
Pierre shale at the CSU site were obtained from the SoilCover model using
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18.

19.

21.

B

saturated hydraulic conductivity values determined in the laboratory and the method
developed by Brooks and Corey (1964) for unsaturated conditions. An adjustment
for volume change based on the Kozeny-Carmen equation was also utilized. This
approach was considered acceptable for this research application however; it is
evident that rigorously evaluated analyses of these important hydraulic functions are
necessary for future development of moisture flow modeling in expansive soils.

Reasonable results with regard to modeling suction changes in unsaturated Pierre
shale at the CSU site were obtained using the SWCC data from Chao (1995), fit
with the Fredlund and Xing (1994) method. However, the main limitations with
regard to modeling suction changes are the inability of the model to account for
volume changes and hysteresis effects. In addition the SWCC was shown to be a
function of temperature, a condition that is typically not considered when modeling
flow.

There was very close agreement between field measured soil temperature and soil
temperature obtained from the SoilCover model. This indicates that the SoilCover
model is appropriate for modeling heat flow through soil.

Results from the field investigation and model simulations indicate that the water
content beneath the center of a slab-on-grade foundation increases to a steady state
value to a depth that is approximately equal to the depth of seasonal moisture
fluctuation. The magnitude of the steady state water content is a function of the
SWCC and the equilibrium suction of the soil, and the time rate of development is
primarily a function of hydraulic conductivity. The edge effects, and the reduction
in the upward gradient for flow upon wetting of the upper soil layers, limit the
magnitude and depth of initial increase.

Boundary changes at the surface adjacent to the structure control the long-term
development of active zone depth and edge moisture variation distance. The results
of numerical simulations that incorporated a ponding scenario along the eastern side
of the slab (Figures 6-78 through 6-82) closely matched the water content
measurements (Figures 6-73 through 6-77) from the field test site.

Model results that incorporated a layered soil for the purposes of accounting for
density and hydraulic conductivity variation with depth indicated that the water
content beneath the slab increases faster and to greater depth as the density of the
deeper soils is increased. By decreasing the hydrauvlic conductivity of the deeper
soil the water that infiltrated from the soils adjacent to the slab migrated laterally
beneath the slab more rapidly.

As expected, the infiltration rate is increased by the addition of water for irrigation
purposes. In addition, these results indicate that this condition is exacerbated at the
CSU site by replacement of the native vegetation with Kentucky bluegrass.
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24. The results of long term modeling of the CSU site utilizing a four layered soil
profile and typical irrigation schedule as recommended by NCWCD indicate that
increases in water content beneath the slab begin immediately after irrigation is
initiated. The water content increase is gradual and in general the magnitude of
increase is less than would be detectable using typical field instrumentation for
water content monitoring. However, given the limitations with regard to state-of-
the-art for modeling flow in expansive soil, the model results presented herein
indicate that irrigation in accordance with standard practice for residential landscape
design results in continued increases in the depth of water content increase. This
indicates that it is possible for water content increases to occur at depths
approaching the maximum active zone depth, which at the CSU site is 35 feet,
based on the depth of potential heave.

In summary, the results of this study provide insight into the measurement of active zone
depth and edge moisture variation distance. The observed trends can be used by
practicing engineers as aid in the design of foundations on expansive soil. The
conclusions are based on the results of research at two specific sites. It must be noted that
the active zone depth and edge moisture variation distance are site specific design
parameters and that the actual values presented in this study are not necessarily
representative of other areas. Also, a longer period of record will provide a basis on

which more definite conclusions can be made.

72  Recommendations for Additional Research

The primary objectives of this research were to examine the definitions of active zone
depth and edge moisture variation distance in expansive soil and characterize these
parameters with respect to climate conditions, geologic conditions, and soil properties.
Although these objectives have been achieved, further investigations will improve our
understanding of these parameters and result in better application to engineering practice.

The most immediate research recommendations are summarized below.
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e The field test site at CSU should be modified by removing the berm on the
eastern side of the slab. Continued monitoring will further verify the effects of
the berm and impounded water in that area. It is believed that the water content
on the eastern side of the slab would decrease as a result of removing the berm.

e After a reasonable amount of time to allow observations of the effects of
removing the berm the CSU site should be modified to include an irrigation
system that is operated in accordance with NCWCD recommendations. This
could include several forms of vegetation to evaluate their effects as well.

o Laboratory unsaturated hydraulic conductivity tests should be conducted that
utilize flexible-wall permeameters and measurement or control of suction,
volume change, and temperature. The results of these tests can be used to
evaluate the currently available methods for estimating the SWCC and
unsaturated hydraulic conductivity functions and possibly be extended to
develop new methods that are more appropriate for expansive soils.

e Currently available numerical models for flow in unsaturated soils provide
reasonably close agreement to field measured resuits and can be relied upon
with confidence for evaluating general trends in expansive soil. However, the
results from this investigation indicate that modification of these models to
account for macro-pore flow and volume change would greatly enhance their
application to expansive soil problems.
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APPENDIX A

Nuclear Gauge Calibration
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WES Expansive Sail Project Test #1 6-12:95
Steady State Hydraulic Conductivity Experiment Pierre Shale
Falling Head water-Rising Tail water Method

HW Accumulater Area, A: 10.78 Samole Area: 53.07
TW Accumulater Area: 0.62 Sample Length: 7.7
Elapsea Heaawater Height ot Hemght of Hydraulic Elapsed
Time Pressure Headwater Tailwater Conductivity Time
Date Time (min) (cm) (cm) (cm) (cm/sec) (days)
6-13.95 11:50a [} 3517 213 50.6 laaand 0.00
6-14-95 7:35 118§ 351.7 21 528 9.31E09 0.82
6-14.95 1.000 1510 3517 208 533 8.19E09 105
6-1595 8:20a 2670 351.7 208 §5.3 8.06E-09 1.85
61695 7:52a 4018 351.7 20.7 573 6.99E-09 2.
6-17.95 11:232 5669 3517 203 59.8 7.94E.09 39¢
6-19-95 8:1la 8357 3517 199 638 7.49E-09 580
6.20-95 8:092 9795 351.7 198 65.7 6.43E-09 6.80
6.21-95 8252 18513 sy7 pa- X3 £72 Tossce Tes
62295 8:10a 12676 3517 194 6§9.4 6.18E09 8.80
6.23.95 9:55a 14221 3517 193 712 S.80£09 9.88
6-2495 9:30a 15836 3517 19.3 723 3.68E-09 10.86
6-24-95 9:38a 0 351.7 3.1 S2 3.68E-09 10.86 Reset TW
6.2595 $:40a 1842 351.7 a3 54.1 6.52€-09 11.88
6.2695 5:350 3357 517 329 56.6 5.84€.09 13.19
6-28.95 1:08p 5973 351.7 326 59.9 5.98€.09 15.01
82995 3:00p 7524 3517 324 61.8 5.94€-09 16.09
6-30-95 10:30a 8654 351.7 322 63.1 5.65E.09 16.50
7-395 8:452 12909 3517 39 6§7.7 5.18E-09 19.82
7.595 1:000 15534 351.7 316 711 6.36E-09 2165
7695 2452 16359 3517 s 722 7.17€09 222
7795 3150 18189 3517 313 735 3.50E:09 2349
7-795% 3150 [+] 38517 313 59.1 3.50€09 2349 Reset TW
7-1095 8:102 3895 3817 31 634 §.21£.09 26.20
7-11.95 5:250 5890 351.7 308 652 34609 2758
7-1395 6:00a 808s 38517 30.7 675 4390E.09 311
7-14.95 7:00a 9585 3517 305 688 4.51E-09 30.18
7-1595 1:000 11385 3517 303 70.6 §5.04E.09 31.40
Steady-State Hydraulic
Parre Shaie (Test #1)
3 1.00808
é 9.008-08 -
8.00E-08
> 700508 W X _a .
3 aooE0e - L N N A\
500608 - ‘ [ il ""\/ \ x - : '
§ 400808 - - \ L = W
. (3 [ "4
300608
'§ 200608
8 1.00600
£ acoe.«0

Qoo s00 10.00 1500 2000 1] 30.00 3500
Elapsact Time of Test (Cays)
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WES Expansive Sail Project Test #2 6-1295
Steady State Mydraulic Conductivity Experiment Texas Soil
Falling Head water-Rising Tail water Method

HW Accumulater Area, A 10.75 Sampie Ares: 5§3.07
TW Accumuiater Area: 0.79 Sample Length: 7.7
Elapsed Heacwater Height of Height of Hydraulic Elapsed
Time P Hy Tantwater Conductinty Time
Date Time (min) (cm) (cm) {cm) (cmi/sec) (days)
§-13.95 12:280 a 3517 322 49.7 soses o
61495 T45a 1877 3BT 313 524 1.24€.08 1.30
6-14-95 1:00p 2192 3517 31 S3t 2.06E-08 1.52
61595 8:21a 3383 35L7 303 556 1.80€-08 233
61695 7:53a 4765 3517 295 574 1.21808 331
61795 11:243 6416 3517 286 58.7 1.29E08 446
6-19-95 8:13a 7665 sL7 8 83.1 2.37e08 5.32
62095 8:1la 9103 7 273 649 9.93E-09 6.32
5.21.95 9:25a 10607 3517 26.7 658 1.14E.08 737
62295 8:10a 11972 3517 264 68.3 9.09E-09 831
6.23.95 9:55a 13517 3517 259 701 1.03E08 9.39
62495 9:392 14941 3517 258 76 9.33E09 1038
62595 9:40a 16382 3517 251 732 9.76E-09 11.38
6.26.95 S:40p 18302 3517 245 753 9.97€:09 12.71
6.28.95 1:llo 19473 3817 238 78 2.08€08 13.52
629-95 3:02p 21024 3517 236 79.7 8.85E-09 14.60
63095 10:30a 22192 3517 232 80.7 8.71E09 1541
7-3.95 8:45a [+] 3517 21 56.2 8.71E08 1541 Reset TW
7.5.98 1:000 3135 3517 216 59.6 8.43E.09 17.59
7695 8:45a 4380 3517 211 50.8 9.35.09 18.45
7795 3160 6211 3817 268 628 8.28€-09 19.72
7-10.95 8:10a 10095 3517 205 66.1 6.63E09 2282
7-11.95 5:25p 12100 3517 204 67.9 6.65E-09 2381
7-13.95 6:00a 14295 I5L7 20.3 69.8 6.448.09 28532
7-14.95 7:00a 15795 3517 20.1 123 6.63E:09 26.38
7-15.95 1:30p 17625 3517 199 727 742608 27.65
Steacty-State Hydraulic
Texss Sai (Test 52y
§ 2me0e
E 200608 A X
5 A \
1.506-08 -
B R AV A
§ s / e e “—.&\.—H.’.
$ sooece -
§ coecod_
£ 0.00e-00
[} s 1 15 x -3 k]
Saosed Tune of Test (Cays)
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Steady State Hydraulic Canductivity Experiment

Falling Head water-Rising Tail water Method

Test#4
Texas Sail

HW Accumulater Area. A 1075 Samole Area: 44.65
TW Accumulater Area: 0.62 Sample Length: 7.8
Elapsed Headwater Height of Hesght of Hydraulic
Time Pressure Headwater Tarlwater Conductivity
Date Time (min) (cm) (cm) (cm) (cm/sec)
61995 8:15a [+ 35L7 25 758 hagand
&§20-95 8:14a 1439 351.7 204 759 1.54E07
6.21.98 9:29a 2954 3517 18.7 759 LI9E07
62295 8ila 3586 3517 171 759 2.66E07
62395 9:552 4320 3517 158 789 1.69€07
62695 5:450 Q 351.7 353 759 4.58EQ7
628.95 I:150 2610 3517 33 759 8.50E.08
§-29-95 3120 4167 351.7 32 759 6.52£08
§30.95 10:30a 5325 ki g N3 %e &£18809
7.3.95 8:50a 9545 351.7 34 759 4.60E-08
7695 8:50a 13865 3817 284 759 2.38E08
7-7.95 3170 15692 3517 281 759 1.69E-08
7-10.95 8:10a 19585 3a51.7 277 759 1.06€08
71198 5:250 21460 3517 27.3 758 2.20E:08
7-14.95 7:00a 25155 351.7 372 758 2.80€-09
7-1595 1:300 26985 351.7 26.8 759 2.26E:08
Stescy-State Hydraulic:
Texas Soi (Test 84)

= S.00807

E 450607

S 4AEC7

£ A0607 - \

1007 A

3 250807 A

§ toear pf b \

F R A

g 500508

£ gooeea0 — . S

+1s ] 500 10.00 1500 2000
Tune (duys)
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Elapsed
Time
(days)
Q.00
1.0
208
250
3.07
3.07
488
5.96
err
9.70
12.70
13.97
1667
1797
2054
2181

61295
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Field Data
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(a) Pierre Shale

Active Layer Thickness{ Initial | CwFrom [ Avesage Min. { AverageMax. | DeltaW { DeltaZi | Towal
Zone ofLayer | Void Werting | Field-Measured | Field-Measured Heave
Ratio* Cuarve | Water Conteat®{ Water Content*® Prediction
(ft) — —tft) — (%) (%) (%) (€19) (ft)
t (0-1 fr) 1 1.09 0.016 11.63 21.16 9.53 0.07
2(1-2 ) 1 0.99 0.016 9.95 19.25 9.30 0.07
323f) 1 0.84 0.016 13.20 _2047 727 0.06
8 4 (34 ft) 1 0.82 0.016 14.37 19.44 5.07 0.04
{S4-58) I 0.25 0.016 14.19 18.80 4.61 0.04
6 (5-6 ft) I 0.76 0.019 14.55 19.86 S3L 0.06
(1R 1 095 | 0.019 15.61 15.50 429 0.04
3-8 4 0.82 0.019 16.00 16.04 0.04 0.00 0.40
11(0-1 ) ] 1.10 0.016 11.40 _2L.19 9.79 0.07
2(1-2ft) 1 111 0.016 12.00 21.45 9.45 0.07
I2-3ft) I 1.03 0.016 1432 20.28 596 0.0S
8 4(-460) 1 0.76 0.016 1427 20.36 6.09 0.06
5(4-5R) 1 0.79 0.016 1525 18.19 294 0.03
6(5-6f) 1 0.81 0.019 1522 - 19.07 3.85 0.04
17(678) ] 1.00 0.019 15.70 20.15 445 0.04
S(7-8ft) 1 0.85 0.019 16.30 16.50 0.20 0.00 036
j1¢0-1f) 1 .19 | 0.016 11.08 23.19 1711 0.13
2(1-26) 1 0.97 0.016 11.84 19.67 7.83 0.06
1302-38) 1 0.97 0.016 14.48 _ 2092 6.44 0.05
8 134 ) 1 0.86 0.016 15.11 20.12 5.01 0.04
15456 1 0.78 0.016 14.51 18.49 3.98 0.04
6 (5-6 ft) 1 0.78 0.019 14.87 1774 | 287 0.03
7 (6-7 fr) L 0.9 0.019 1577 16.78 1.01 0.01
8 (7-8 fi) 1 083 0.019 1S.72 17.77 205 | 002 0.38
1(O-1R) I 0.85 0.016 6.34 21.05 14.71 0.13
1212 ) I 0.93 0.016 1142 20.12 8.70 0.07 -
323f) 1 0.86 0.016 1438 20.22 5.84 0.05
3 4041M) 1 0.78 0.016 1429 1935 5.06 0.05
5(4-50) 3 0.83 0.016 13.87 1832 3.45 0.04
6(5-6f) 1 0.5 0.019 [4.74 17.98 324 0.04
T(6-T ) 1 077 0.019 15.58 1934 3.76 0.04
8 (7-8 &) 4 0.78 0.019 15.90 1832 242 _0.03 0.44
i (O-1 ft) 1 0.88 0.016 735 22.19 1484 0.13
2(1-2R) I 098 0.016 9.30 19.74 1044 Q.08 |.
3(2-3ft) 1 0388 0.016 14.63 19.58 495 0.04
1434 4 0.33 0.016 14.08 19.18 S.10 0.04
558 | 0.81 0.016 1423 18.82 459 0.04
12 |6(5-6f) L 0.70 0.019 14.61 18.52 391 0.04
J(ETRY 1 0.80 0.019 15.63 20.14 451 0.05
8(7-3R) 1 0.76 0.019 16.27 19.58 331 0.04
9(8-9 ) 1 0.77 “0.019 16.09 1729 120 0.0t
10 (9-10 ft) 1 0.74 0.019 15.19 15.53 034 0.00 |
I (10-11 & 1 0.73 0.019 15.36 1596 0.60 0.0t
12 (11-12 &) [1 0.75 0.019 [4.49 15.833 1.34 0.0t 0.50
L(O-LR) 1 I.I3 0.016 10.13 2169 11.56 0.09
2(t-2f) { _1.00 0.016 [IR T 22.14 11.03 0.09
323f) I 091 0.016 14.60 19.59 499 0.04
4(3-4 ft) L 0.86 0.016 14.64 19.32 4.68 0.04 |
5 (4-5 ft) I 079 0.016 14.70 19.37 4.67 0.04
6(561) 4 077 0.019 15.03 19.96 393 0.05
14 T (6T f©) I 0.76 0.019 15.10 19.87 477 0.05
8(7-8 1) [ 0.73 0.019 15.25 1853 328 0.04
9(89f) I _0.39 0.019 16.37 18.03 1.66 0.0Z
[1a¢5-t08) i 0.75 0.019 14.81 17.46 265 0.03
LE(10-L1 f) L 0.78 a.019 IS.73 16.73 1.00 ~ 0.0L
12 (11-12 ) I 0.79 0.019 14.51 1586 £35 .01
13 (12-13 & I 0.78 0.019 1598 16.70 0.72 0.01
- 118 (13-14 /) 1 077 0.019 15.01 1560 _ 0.59 0.0t 0.52
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(b) Texas Soil

Active Layer |Thickness| Initial | CwFrom | AverageMin. | AverageMax. | DelaW | DeltaZi | Total
Zone of Layer | Void Wetting | Field-Measured | Field-Measured Heave
Ratio* Curve | Water Content® | Water Content® Prediction
(ft) — (ft) — (%) (% ) (% ) (ft) (ft
t (0-1 ) ! 0.97 0.023 145 19.0 4.5 0.05
2(121) 1 097 | 0023 155 18.9 34 0.04
5 [3e3nm 1 0.97 0.023 17.5 18.8 13 0.02
4340 1 097 0.023 17.5 18.6 LI 0.01
S(4-S M) 1 097 0.023 172 180 0.8 0.01 0.13
£(0-1 M) 1 097 | 003 1L.6 18.5 6.9 0.08
2(1-2f) L __097 0.023 13.9 18.3 4.4 0.05
5 3-3f) 1 0.97 0.023 16.5 184 1.9 0.02
4G4 1) 1 097 | 003 169 185 L6 002
S-SR 1 057 | 0023 168 84 16 002 0.19
11 (0-T ft) i 0.97 0.023 12.1 18.0 59 0.07
2(1-2R) I 097 | 0023 14.7 _182 35 | 004
5 32-3f) I _0.97 0.023 17.3 185 I.3 0.01
4G4 1) 1 097 | 0023 173 __185 12 001
S(4-5R) 1 097 | 003 172 184 12 0.0t 0.1S
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SOIL PROFILE AND PROPERTIES SMI Project No.:  n/a
WES PROJECT File: cwes\elevation\Heave-Pier_4.xis
Sources: FSH Boring Log Computed by: DBD 1/14/00
CSU Geotechnical Laboratory Resuit Checked by:
Ground Surface
Depta(ty  0.0// YN/ /AN
w= IL.1% % Swell = 7.8 %
Clay 1 7a= 102 pcf Ghes = 12900 psf
n= 113 pcf Adj. (05)es= 7,640 psf
Iundation Pressure= 500 psf C/(l+e)=  0.066
L.0
w= 147% % Swell = 92%
2 4= 105 pef (6es= 17,000 psf
T 120 pcf Ady. (6))es= 10.400 psf
Inundation Pressure= 500 psf C/(1+e)=  0.070
20
w= 16.7% %Swell= 11.6%
Clay 3 Y= 109 pf (G5)es= 38,000 psf
w= 127 pcf Ady. (65)s= 23,000 psf’
Inundation Pressure= 500 psf C/(l+e)= 0.070
3.0
w= 173% % Swell = 72%
Clay4 ¥a= 110 pef (63)es = 46,000 psf’
%= 129 pcf Adj. (G5)es = 27.800 psf
Immdation Pressure= 500 psf C/(l+e)) = 0.041
EOB= 6.0 feet
Fsh-gred.xis. Profile KI4/00
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HEAVE PREDICTION SMI Project No.: nfa

WES PROJECT File: cwes\elevation\Heave-Pier_4.xls
Total Heave Computed by: DBD Date:  1/14/00
@ Max. Depth of Potential Heave: 4583  inches Checked by: Daw:
(1) Soil Profile and Propesties:
Depth Soil Type Total %Swell,S | Adj.(0es | Co(l+e)
Below GS. Unit Weight
(feet) (pef) (%) {psf)
0.0
1.0 Clay I i3 78 7.640 0.066
20 Clay 2 120 92 £0.400 0.070
3.0 Clay 3 127 11.6 23,000 0.070
> 3.0 Clay 4 129 72 27.800 0.041
EOB.= 6.0 feer
(2) Assumed Depth of Footing: 0 feer * Adj. (67 ) = 0.6 ((Gy ). - Inudation Pressure) + Inudation Pressure
(3) Soil Layers: 35 layers
(4) Depth of Potential Heave
Below Footing: 21549 feet
(5) Calculation of Heave Prediction:
Depth Depth Interval Soil Type Toul incr. Load | Overburden | Prediced | Cumulative
Below G.S. Below Footing Unit Weight | @ midlayer Stress Heave Heave
(feet) (feet) (feet) (pch)_ (psh) (psf) (inches) (inches)
0.00 0.00
6.16 6.16 6.16 Clay 4 129 397.54 397.54 -5.62 -5.62
12.31 12.31 6.16 Clay 4 129 39754 1192.62 -4.17 -9.79
1847 1847 6.16 Clay 4 129 397.54 1987.70 -3.49 -13.28
24.63 24.63 6.16 Clay 4 129 397.54 2782.78 -3.05 -16.33
30.78 30.78 6.16 Clay 4 129 397.54 3577.85 -2.71 -19.05
36.94 36.94 6.16 Clav 4 129 397.54 4372.93 -2.45 -21.49
43.10 43.10 6.16 Clay 4 129 397.54 5168.01 -2.23 -23.72
4926 49.26 6.16 Clay 4 129 397.54 5963.09 -2.04 -25.76
5541 55.41 6.16 Clay 4 129 397.54 6758.17 -1.87 -27.63
61.57 61.57 6.16 Clay 4 129 397.54 755325 -1.73 -29.36
67.73 67.73 6.16 Clay 4 129 397.54 8348.33 -1.59 -30.95
73.88 73.88 6.16 Clay4 129 397.54 9143.40 -1.47 -32.42
80.04 80.04 6.16 Clay 4 129 397.54 993848 -1.36 -33.78
36.20 8620 6.16 Clay 4 129 39754 10733.56 -126 -35.04
9235 92.35 6.16 Clav 4 129 397.54 11528.64 -1.17 -36.21
98.51 98.51 6.16 Clay 4 129 39754 12323.72 -1.08 -3729
104.67 104.67 6.16 Clay & [29 397.54 13118.80 -0.99 -3828
110.82 110.82 6.16 Clav4 129 39754 13913.88 0.92 -3920
116.98 116.98 6.16 Clayd 129 397.54 14708.95 -0.84 <40.04
123.14 123.14 6.16 Clay 4 129 397.54 15504.03 0.77 -40.81
12929 129.29 6.16 Clay 4 129 397.54 16299.11 -0.71 -41.52
13545 13545 6.16 Clav4 129 397.54 17094.19 -0.64 -32.16
14161 141.61 6.16 Clay4 129 397.54 1788927 0.58 4275
147.77 147.77 6.16 Clay 4 129 39754 18684.35 -0.53 43.27
153.92 153.92 6.16 Chay 4 129 397.54 19479.43 047 43.74
160.08 160.08 6.16 Clay 4 129 39754 20274.50 042 44.16
166.24 16624 6.16 Clay 4 129 397.54 21069.58 -0.37 -44.53
172.39 172.39 6.16 Clav4 129 397.54 21864.66 -0.32 -14.85
178.55 178.55 6.16 Clay 4 129 39754 22659.74 027 45.12
184.71 184.71 6.16 Clay 4 129 397.54 23454.82 023 4534
190.86 190.86 6.16 Clav 4 129 397.54 2424990 0.18 -45.52
197.02 197.02 6.16 Clay4 129 397.54 25044.98 -0.14 -45.66
203.18 203.18 6.16 Clay 4 129 397.54 25840.06 0.10 4576
20933 20933 6.16 Clay 4 129 397.54 26635.13 006 4581
21549 215.49 6.16 Clay 4 129 397.54 2743021 0.02 -45.83
Total -15.83

Fsh-pred.xfs, Heave 1/14/00
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SOIL PROFILE AND PROPERTIES SMI Project No.: nfa

WES PROJECT File: cwes\elevation\Heave-Pier. 4.xls
Sources:  CSU Baring Log Computed by: DBD Date:  1/14/00
CSU Georechnical Laboratory Result Checked by: Date:
Ground Surface
bty 007/ LI7T7TRS
w= I33% % Swell = 50%
Clay Ta= 83 pef {0:)es= 6,000 pst
Ytg % P‘:f Adj‘ (0-8')0'8 = 3:8m mf
Inundation Pressure= 500 psf C/(l+e)= 0.057
5.0
w= I51% % Swell = 38%
W. Clayshale 1 Ya= 98 pcf (©)es= 9,000 psf
n= 112 pf Adj. (6,)es = 5,600 psf
Inundation Pressure = 500 psf C/(l+er)=  0.036
10.0
w= 157% % Swell = 19 %
W. Clayshale 2 V4= 96 pcf (0)es= 4.400 psf
n= 11l pcf Ad. (6y)es= 2840 psf
hundation Pressure= 500 psf CHl+e)= 0025
150
w= 158% % Swell = 3.83%
W. Clayshale 3 V4= 95 pef @)es= 6.000 psf
%= 110 pcf Ad. (6)es= 3,800 psf
Immdation Pressure= 500 psf’ Gl(l+ey)= 0.043
EQB= 20.0 feet
Csu-pred.xls, Profile KI14/00
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HEAVE PREDICTION SMI Project No.: n/a
WES PROJECT File c-wes\elevation\Heave-Pier_4.xis
Total Heave Computed by: DBD Date:  1/14/00
@ Max. Depth of Potential Heave: -8.23 inches Checked by: Date:
(1) Soil Profile and Properties:
Depth Soil Type Total %Swell.S | Adi.(Ovke | Colll+ed)
Below G.S. Unit Weight
(feet) _{(pch) (%) (psf)
0.0
5.0 Clay 96 5.0 3.800 0.057
10.0 W. Clayshale I 112 3.8 3.600 3.036
15.0 W. Clayshale2 Il 1.9 2.840 0.025
> 15.0 W. Clayshale 3 110 38 3.300 0.043
EO.B.= 20.0 feet
(2) Assumed Depth of Footing: 0 feet * Adj. (03)cs = 0.6 ((¢5y)s ~ Inudation Pressure) + Inudation Pressure
(3) Soil Layers: 35 layers
(4) Depth of Potential Heave
Below Footing: 35.10 feet
(5) Calculation of Heave Prediction:
Depth Depth Interval Soil Type Total Incr. Load | Overburden { Predicted | Cumulative
Below G.S. Below Footing Unit Weight | @ midiayer Stress Heave Heave
(feet) (feet) (feet) {pch (psf) (psf) (inches) (inches)
0.00 0.00
1.00 1.00 1.00 Clay 96 4795 4795 -1.30 -1.30
2.01 2.01 1.00 Clay 96 4795 143.86 -0.97 227
3.01 3.01 1.00 Clay 96 4795 239.77 0.82 -3.09
4.01 4.01 1.00 Clay 96 47.95 335.68 0.72 -3.81
5.01 5.01 1.00 W. Clayshale | 12 56.35 439.99 048 428
6.02 6.02 1.00 W. Clayshale | 112 56.35 552.70 043 -4.72
7.02 7.02 1.00 W. Clayshale | 112 56.35 665.41 -0.40 -5.11
8.02 8.02 1.00 W. Clayshale | 112 56.35 T778.12 037 -5.48
9.03 9.03 1.00 W. Clayshale L 112 5635 890.83 038 -5.83
10.03 10.03 1.00 W. Clayshale 2 HL 55.70 1002.88 0.14 -5.96
11.03 11.03 1.00 W. Clayshale 2 1t 55.70 111429 -0.12 £.09
12.04 12.04 1.00 W. Clayshale 2 It §5.70 1225.69 011 620
13.04 13.04 1.00 W. Clayshale 2 Ll 55.10 1337.09 0.10 630
14.04 14.04 1.00 W. Clayshale 2 11 55.70 1448.49 -0.09 -6.39
15.04 15.04 1.00 W. Clayshale 3 110 5499 1559.18 020 -6.59
16.05 16.05 1.00 W. Clayshale 3 110 54.99 1669.17 -0.19 -6.77
17.05 17.05 1.00 W. Clayshale 3 £10 54.99 1779.16 0.17 6.94
18.05 18.05 1.00 W. Clavshale 3 110 5499 1889.15 20.16 -7.10
19.06 19.06 1.00 W. Clayshale 3 i10 54.99 1999.13 0.14 -7.28
20.06 20.06 1.00 W. Clayshale 3 110 54.99 2109.12 -0.13 -7.38
21.06 21.06 1.00 W. Clayshale 3 110 54.99 2219.11 0.12 -7.50
2.07 207 1.00 W. Clayshale 3 110 54.99 2329.10 0.1t -7.61
23.07 23.07 1.00 W. Clavshale 3 110 54.99 2439.09 -0.10 -7.71
2407 24.07 100 W. 3 110 5499 2549.07 -0.09 -7.80
25.07 25.07 1.00 W. Clayshale 3 110 5499 2659.06 -0.08 -7.88
26.08 26.08 £.00 W. Clayshale 3 t10 5499 2769.05 -0.07 -1.95
27.08 27.08 1.00 W. Clayshale 3 F10 54.99 2879.04 -0.06 -3.01
28.08 28.08 1.00 W. Clayshale 5 110 54.99 2989.02 -0.05 -8$.07
29.09 29.09 1.00 W. Clayshale 3 110 5499 3099.01 0.05 -8.I1
30.09 30.09 1.00 W_Clayshale 3 110 5499 3209.00 -0.04 -8.15
31.09 31.09 1.00 W.Clayshale 3 110 5499 3318.99 -0.03 -8.18
32.09 32.09 1.00 W. Clayshale 3 1301 54.99 342898 -0.02 -321
33.10 33.10 L.00 W. Clayshale 3 [0 5499 3538.96 0.02 822
34.10 34.10 1.00 W_Clayshale 3 110 54.99 3648.95 0.01 -8.23
35.10 35.10 1.00 W.Clayshale3 110 54.99 375894 0.00 -8.23
Total -823
Csu-pred.xls, Heave 1/14/00
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APPENDIX E

SoilCover Model Input Pages and SEEP/W Mesh
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Elevation (minus 5,000 )
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CSU Site
Kh = 10(Kv)
'h.ﬂatefg g(r’iltlantlon = -26 degrees
Comments; Modelling for WES Project ayer
File Name: csu_Drying_dlayer_Kr10l.sep Clay Kv=1.31E-07 {Us
! W. Clayshale Kv=7.80E-08 ft/s
Last Saved Dats: 12/20/90 Bentonite Seam Kv=7.8E-00 fi/s
Shattered W, Clayshale Kv=7.8E-07 fUs
190 BH-3 Inigated In Accordance with NCWCD
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