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methodology for rating the performance of structures subject to differential soil movement and can
provide a tool to assist the design of foundations that reduce soil movement patterns. The model
shows that some wavelengths are potentially more destructive than others depending on the
magnitude of soil heave and the ability of the structure to tolerate soil-foundation distortion. This
model may also be applicable to the analysis of pavements.

The model provides simple equations for calculating a relative thickness performance rating
parameter D, and an equivalent thickness D, of mat foundations required to reduce a given soil
distortion. Elevation or level profile measurements of the first floors of a variety of structures
subject to different degrees of soil distortion confirm that the maximum relative thickness D, in
an elevation profile is a consistent performance rating index, although only total deformation profiles
are available at this time. D, is a function of the most damaging distortion and can be used to
indicate the location of the most damaging distortion in a soil profile. The wave index WI , a root
mean squared summation of amplitudes in an elevation profile, was nearly as consistent an indicator
for rating performance. These results appear to verify D, as a potential desigr iool for foundations.
Distortions leading to D,,, > 40 ft correlate with differential soil movements > 5 in, and crack
widths > 0.5 in, and prevent economical design of mat foundations.

Field test sections are required to measure soil distortions for different climates and wetting
conditions and for characterizing soil-foundation displacement patterns to be used for improving
foundation design and construction methodology. Resuits of field studies will be used to confirm
D, as a performance rating index, to confirm and calibrate D, as a design tool, and to determine
optimum soil improvement methods in preparation for foundation construction.




PREFACE

This report provides a new model for quantitatively describing soil
distortion patterns that occur from a variety of different mechanisms. This
report completes RDT&E Work Units AT22/FR/001 and AT40/FR/001, "Foundations in
Unstable Soils," sponsored by the Headquarters, US Army Corps of Engineers
(USACE). This work was begun in October 1988 and completed in September 1991.
Mr. Wayne King and Mr. Greg Hughes were the USACE Technical Monitors.

This report was prepared by Dr. Lawrence D. Johnson, Research Group
(RG), Soil & Rock Mechanics Division (S&RMD), Geotechnical Laboratory (GL), US
Army Engineer Waterways Experiment Station (WES). Mr. A. L. Branch Jr.
Foundation and Materials Branch, Fort Worth District, Southwestern Division
(SWD) of the USACE assisted with field profilometer measurements in Fort Sam
Houston, Texas, and Red River Army Depot.

Many helpful comments were provided by Dr. P. F. Hadala, Assistant
Chief, GL, Mr. D. Earl Jones, Wright Water Engineers, Denver, Colorado, Mr.
Joseph P. Hartman, SWD, and Dr. E. B. Perry, RG, S&RMD, GL.

The work was performed under the direct supervision of Mr. W. M. Myers,
Chief, Engineering Branch, S&RMD, and Dr. D. C. Banks, Chief, S&RMD, GL. Dr.
William F. Marcuson III was Chief, GL.

COL Larry B. Fulton, EN, was Commander and Director of WES. Dr. Robert

W. Whalin was Technical Director.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI
(metric) units as follows:

Multiply By To Obtain :
Fahrenheit degrees 5/9 Celsius degrees or Kelvins* é
cubic yards 0.7645549 cubic metres :
square yards 0.8361274 square metres ;
yards 0.9144 metres :
cubic feet 0.02831685 cubic metres ?
square feet 0.09290304  square metres Z
feet 0.3048 metres 3
square inches 6.4516 square centimetres
inches 2.54 centimetres
miles (US statute) 1.609347 kilometres
kips (force) 4.448222 kilonewtons 3
pounds (force) 4.448222 newtons %
pounds (force) per inch 175.1268 newtons per metre
pounds (force) per square foot 47.88026 pascals
pounds (force) per square inch 6.894757 kilopascals
pounds (mass) per cubic foot 16.01846 kilograms per cubic metre
pounds (mass) per cubic yard 0.593276 kilograms per cubic metre
tons (mass) per square foot 9,764,856 kilograms per square metre
tons (2,000 pounds, mass) 907.1847 kilograms
tons (force) 8.896444 kilonewtons

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use the following formula: C = (5/9)(F — 32). To obtain Kelvin (K)
readings, use K = (5/9)(F - 32) + 273.15 .
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WAVE ANALYSIS OF MAT FOUNDATIONS TO RESIST
DIFFERENTTIAL SOII, MOVEMENTS

PART I. INTRODUCTION

Background
1. Soil differential movement patterns cause considerable damage to all

types of structures and pavements such as military facilities, commercial
buildings, housing, streets, highways, parking lots, and airfields. These
damages occur primarily from differential movements caused by nonuniform soil
volume changes and can occur almost immediately following construction,
particularly after unusual wetting and drying seasons. Damages can also
accumulate gradually over long periods of time and may not become readily
discernable for some years following construction. Annual damages to
structures excluding pavements have been estimated in 1988 to exceed six
billion dollars (Gnaedinger 1988), but under todays’ conditions may well
exceed ten billion. Although diffe.ential movements often occur slowly with
little loss of life and may not be observed immediately, economic loss to
structures has consistently been greater than that caused by other natural
hazards including earthquakes and floods (Jones and Holtz 1973). Types of
soils in which damages from foundation movements can be significant to
structures consist of a wide range of natural earth materials and include
expansive and collapsible soils, clayey shales and siltstones, marls, and
saprolites, Soil differential movements are becoming an increasing problem as
more new construction is required to be placed in less suitable soil.

2. Existing methodology for analyzing soil deformations provides little
information on differential movements responsible for damage to structures.
These older methods evaluate differential soil-foundation movements primarily
from differences in loading patterns and use consolidation theory, empirical
equations, and soil-structure interaction computer programs. These
differential movements are caused by only a small fraction of the possible
mechanisms., Very little is known about soil deformation patterns that occur
from soil volume changes caused by a variety of mechanisms that involve
wetting, drying, nonuniform soil profiles and many others. Limited progress

has therefore been made in reducing damages to structures constructed in




unstable soil areas such as expansive or collapsible soils using existing
methods. New techniques are needed to understand the mechanisms that cause
soil-foundation distortions. This understanding may lead to improved
methodology for reducing destructive soil distortions, methodology for
estimating potential soil-foundation deformation patterns and more effective
techniques for design and construction of foundations in unstable soils.

3. A methodology that may provide a new approach for analysis of soil-

foundation distortion is the wave pattern concept illustrated in Figure 1.

Figure 1. Wave pattern of differential surface soil movement

The surface of a soil profile not restricted by the stiffness of a foundation
is hypothesized to move in a periodic pattern with wavelength ¢ and an
unrestrained amplitude A,. A mat foundation placed on the soil surface will
restrict soil deformation and reduce the amplitude. Wave patterns have been
applied by Professor Robert Lytton, Texas A&M University, and his associates
in several studies related with pavement and slab analysis (McKeen 1981,
McKeen and Lytton 1984, Gay and Lytton 1988, McKeen and Eliassi 1988). The
wave pattern concept may be an appropriate approach because different types of
soil distortions appear to have a periodic and modulating pattern such as
gilgai (O0’Neill and Poormoayed 1980) and moisture extraction by heavy
vegetation such as trees (Cheney 1988). Gilgai are bumps of soil on otherwise
"smooth" or "flat" undisturbed ground surfaces about 6 inches high by several
feet in diameter spaced 5 to 15 feet (ft) apart. These bumps may occur from
migration of moisture down fissures into deep desiccated expansive soil layers
with extrusion of the expansive material up the fissures. "Smooth" or "flat"
in this study refers to a plane surface that is not necessarily horizontal or
level. Figure 1 represents a soil surface that is not smooth or flat.

"Level" refers to a horizontal surface that is not necessarily plane, but may




have numerous bumps or ridges in which a straight line evaluated by least
square regression analysis of all the elevation or level points of a profile
has a zero slope. The wave pattern of Figure 1 is level. Aa elevation
profile is a series of closely spaced points usually in a straight line that
measures at each point the vertical distance above a datum elevation or level.
The datum elevation in thnis study is zero and all initial elevation readings
of the profile are taken at this zero datum.

4. The wave pattern concept was applied in pavement studies by
measuring the elevation profile of a fixed length of pavement such as 128 ft
using close spacings between measurement points such as 0.5 ft. These data
provide 256 measurement points that were analyzed using the fast Fourier
transform (FFT) (Gay and Lytton 1988). The FFT decomposes the data into
discrete amplitudes and wavelengths that can be used to provide a measure of
the surface roughness of the pavement. Surface roughness indices using FFT
analysis for a given pavement length indicate reasonably well the effects of
soil stabilization treatments such as lime or lime-flyash slurry injection or

moisture barriers.

Purpose and Scope
5. The purpose of this study is to apply the wave pattern approach of

soll distortion analysis to determine new methodology for evaluating
displacement behavior in unstable soils caused by various mechanisms, to
verify that soil-foundation differential movement patterns can be modeled by a
wave pattern of motion, to develop a suitable performance rating system and to
evaluate the potential of a wave model for foundation design. The concept of
angular distortion defined in Figure 2 is also used with this wave pattern
methodology because angular distortions have correlated well with damages in
structures (Burland and Wroth 1974, Wahls 1981, Boscardin and GCording 1989,
Day 1990). Knowledge of the characteristics of surface soil movement patterns
will assist in determining sources of soil distortions, how these distortion
patterns influence performance of structures such as maintenance and repair
requirements, and how foundations may be better designed and constructed to
improve long-term performance.

6. PART II describes mechanisms of soil volume changes and includes

development of a wave pattern hypothesis for modeling soil-foundation

3
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c. IRREGULAR SETTLEMENT

Figure 2. Schematic illustration of angular distortion g =~ §/£' and
deflection ratio A/L for settling (sagging) and heaving (hogging) profiles.
w ic the tilt of a profile. From Figure 2-1, EM 1110-1-1904,
Headquarters, US Army Corps of Engineers (HQACE 1990)
distortions. A mat foundation or slab is assumed in this study to lie on top

of the surface soil movement pattern, to have an ability to squeeze down or
reduce the unrestrained amplitude and to always remain in contact with the
soil such that there will not be edge lift-off. PART II also derives a
simplified wave model for calculating the thickness or a mat foundation
required to limit soil-foundation distortions to within acceptable levels that
will not contribute to significant damage. A new term, relative thickness
Drey, is found independent of soil and foundation characteristics that can be
used to rate performance. A performance rating system is necessary to provide
a basis of comparison between the foundation behavior of different types and

sizes of structures. The maximum relative thickness Dyemax required to

restrain soil-foundation distortion to a limiting angular distortion and




therefore limit damage is found to be a function of only the limiting
permissible angular distortion and potential heave 2A, for foundations with
no lift-off. 24, is the peak-to-peak differential heave in Figure 1. PART
II also introduces the maximum relative thickness D.,, measured from an
elevation profile for use as an indicator of foundation performance. PART III
defines and compares various performance rating indices such as F-numbers,
wave index, angular distortion indices and a macrorelief index. U;eful
performance rating systems should indicate the potential for structural damage
and operational efficiency. Idealized simple and complex wave patterns are
used in PART III to determine the most appropriate indices for analyzing
performance of actual structures. PART IV verifies that field elevation
profiles may be modeled by wave patterns and applies the selected rating
indices to field measurements of elevation profiles in various facilities to
determine the most suitable indices for rating foundation performance.

7. The performance rating systems use profilograph or elevation change
measurements taken at close spacings of 1 ft on first floor surfaces that
should be representative of soil-foundation distortion patterns. Elevation
changes have been measured at close spacings < 1 foot on floor surfaces, but
these have only been applied to evaluation of surface roughness for small
wavelengths £ 5 ft related with concrete finishing techniques. Such elevation
change measurements have not yet been applied to analysis of foundation
performance. Elevation profile measurements used in PART IV were accomplished
with a dipstick profilometer capable of elevation difference measurements of
0.001 inch at a 12-inch spacing. Closed loop profiles were made to allow
correction for operator bias. The profile data were automatically recorded
and could be accessed by personal computer systems. Computer software was
prepared to reduce the data, perform analysis, and prepare graphs of the
results., Soil exploration data, site inspections and interviews with users of
facilities assisted in evaluation of facility performance. Structures
investigated in this study include one or two story administrative buildings,
clinics, laboratories and warehouses with many located in Texas because of
significant potential for differential movements in the expansive soil found

there.




PART II. HYPOTHESES OF SOIL MOVEMENT PATTERNS

8. A hypothesis is developed describing how soil volume changes can
lead to a wave pattern of surface soil movements. Mechanisms of how soil
volume changes can occur are also illustrated to assist detection of causes of
soil-foundation distortion in the field. A concise theory of soil-foundation
movement by wave patterns is subsequently derived to evaluate the thickness of
foundations required to restrain a given amount of surface soil movement while
maintaining acceptable performance of the supported structure. The hypothesis
also provides a simple index for rating performance of foundations that can be
applied toward development of methodology for reducing soil-foundation

movements and improvement of guidelines for design and construction.

Causes of Soil Volume Changes
9. Soil is a nonhomogeneous porous material consisting of three phases:

solids, fluid (normally water), and air. These three phases interact with
external influences such as surface loading that lead to volume changes from
causes described in Table 1. Nonruniform volume changes lead to differential
soil movement patterns at the ground surface. The amount of volume changes
and surface deformation depend on the type of soil; i.e., whether the soil is
a cohesionless sand or gravel, cohesive clay or cohesive mixture of silt-sand-
clay materials. Surface deformation patterns from soil volume changes caused
by changes in the stress balance, water content, particle bonding, and thermal
effects (excluding freeze/thaw) are discussed below. Other causes of volume
change such as particle reorientation from dynamic loading, temperature change
causing freeze/thaw of silty sands, and mass change from erosion may cause
similar surface deformation patterns. Refer to Engineer Manual 1110-1-1904,
"Settlement Analysis" (HQACE 1990) for information on soil characteristics and
standard methodology for estimating soil volume changes and differential
movements.

Stress Balance

10. Foundation and superstructures placed in soil introduces stress in
the soil causing the soil to deform leading to total and differential
settlement of the structure. This deformation may be calculated through

constitutive relationships or models of continuum mechanics that relate stress

6




Table 1. Causes of Soil volume Changes

Cause

Description

Stress Balance

Water Content

Particle
Bonding

Thermal

Particle
reorientation

Mass

Compression/rebound of soil particles from changes in
applied loads

Primary consolidation in saturated soil or heave/
shrinkage in partly saturated soil from gradients in
soil pore water pressure

Collapse of large void ratio silty/clayey sands or
sands following wetting and subsequent solution of
soluble chemical bonds, bonding agents between
particles or loss of cohesion from negative pore
water pressure

Consolidation or swell from thermal gradients in pore
water; expansion/contraction from density changes in
pore water; expansion/contraction of water in ice
following freezing/melting of surface soil; water vapor
movement from warmer te cooler areas (hydrogenesis)

Density increase following sliding and reorientation of
particles in cohesionless soil from dynamic/earthquake
loads

Loss of support from erosion

foundations.

and strain state at a macroscopic level. Parameters relating stress to strain

are measures of soil stiffness or elastic modulus required for design of

11. Concept of Effective Stress. Constitutive relationships can
calculate change in soil volume such as settlement or heave in response to a

change in effective stress

LY - £(a0) (1)
where
v = volume of the soil, ft3
Av = change in volume, ft3
o' = effective stress, ksf
Ao’ = change in effective stress, ksf

f(ao') = function of a change in effective stress

The above relationship is such that the volume of soil decreases if the




|
effective stress increases. The change in effective stress from applied
forces occurs through particle-to-particle contacts in cohesionless friction 1
soil and bonding between particles in cohesive soil that causes particles to
roll, slide, compress or rebound lcading to a volume change. i

12. A fundamental equation of effective stress in saturated soil at

constant temperature is (Terzaghi and Peck 1967)

w (2)

o=0-u
where

0 = total pressure’ applied to the soil, ksf

u, = pore water pressure, ksf
are the stress state variables. A decrease in pore water pressure leads to an
increase in effective stress and strength and a decrease in soil volume. A 1
satisfactory stress state equation relating effective to total stress and
negative pore water pressure (suction) in partly saturated soil has not yet
been developed because of conceptual problems with the three phases air,
water, and solids and deviation of the soil mass from a continuum due to
fissures, shrinkage cracks, discontinuous air voids and other macroscopic
features.

13. Constitutive Relationships. Constitutive equations for soils are
typically nonlinear, particularly for foundation soils supporting heavy
structures with loads applied only once. These equations include material
dependent parameters such as the stiffness or Young’s elastic modulus of the
soil and foundation, compression and swell indices of the soil, maximum past
pressure of the soil, Poisson’s ratio of the materials, and geometry of the
foundation. A satisfactory general equation for all soils is difficult to
develop because the response of different soils under the same or different
forces may or may not be related. The time-dependent deformation response of
a cohesive clay, for example, is different than that of a cohesionless sand.

14. Experience has shown th . solutions based on linear elasticity are
simple and will provide deformations in soil that are at least qualitatively
correct. Numerous other constitutive relationships have been proposed for
soil, but most of these are primarily research tools and have not been
commonly applied to practical computations of settlement. The hyperbolic
(Duncan and Chang 1970) and Cam Clay (Chang and Duncan 1977) models have been

successfully applied to the solution of engineering problems.

8




15, Stress Distribution in Soil. Successful application of
constitutive relationships to solution of volume change in soil and other
engineering problems requires evaluation of a realistic distribution of
stresses in the soil. The Boussinesq (1885) distribution is commonly used to
calculate stresses at depth in a soil from foundation and soil overburden
pressures. This distribution is applicable to linear elastic isotropic soils.
The Westergaard (1938) distribution is applicable to soils that are stratified
with strong layers of rigid, thin sheets interspersed between weak layers.
These solutions assume validity of the superposition of stresses and St.
Venant'’s principle.* A third method based on the normal statistical
distribution of particulate media (Harr 1977) calculates similar vertical
stresses as the Boussinesq method, but lateral stresses attenuate more
rapidly. These stress distributions largely replace the early approximate 2:1
stress distribution widely used before the introduction of the computer. The

2:1 distribution provides an increase in vertical stress (HQACE 1990)

- Q
Ao, (B+z) " (L+z) <)

where B and L are the foundation width and length, respectively, and z is the
depth below the foundation. This distribution is most useful in quick hand
calculations of settlement.

16. Solutions of stress distribution in soil based on linear elasticity
for simple applied surface loads may be combined to form stress distributions
of more complicated load patterns. The stresses at each point in a soil mass
caused by each simple surface load may be summed to determine the total stress
at each point for the geometry of a given foundation. Each of the applied
surface loads may be either a positive (downward) or negative (upward) applied
load. EM 1110-1-1904 (HQACE 1990) provides examples of stress distributions
beneath different loads.

*St.-Venant's principle, which states that if the forces acting on a small
portion of the surface of an elastic body are replaced by other statistically
equivalent forces, this change has negligible effect on the state of stress in
the body at distances which are large with respect to the linear dimension of
the surface where the change took place. This principle allows approximate
solutions of stress distribution at large distances from applied foundation
loads where solutions may not exist, such as stresses due to strip loads, by
replacing the strip load with a statically equivalent line load.




17. Deformation Patterns. The deformation pattern of the foundation
and supporting soil depends on the (1) loading pattern, (2) geometry, size,
and stiffness of the foundation and (3) type of soil. Figure 3 illustrates
some soil contact pressure and deformation patterns of uniformly loaded rigid
and flexible footings and mat foundations on uniform cohesionless and cohesive
soils. The difference in the distributions strongly depends c~ the effect of
confining pressure on the soil stiffness. The elastic modulus of cohesionless
soil may increase with increasing confining pressure, while the elastic
modulus of cohesive soil may be independent of confining pressure. Most
actual soils are some combination of cohesive and cohesionless materials where
the degree of cohesiveness often relates closely with the type and amount of
clay minerals present.

18. Tests of small rigid footings of about 1 ft dimension on sands
indicated a parabolic pressure distribution, Figure 3a (Kdgler and Scheidig
1927). Cohesionless soil tends to be pushed aside near the edges because of
the reduced confining pressure. Tests of larger footings on sands with loads
much less than the ultimate bearing capacity of the soil indicated a saddle-
shaped pressure distribution, Figure 3b (Kégler and Scheidig 1927, Murzenko
1965). Cohesionless soil appears to be subject to significant confining

pressure at the perimeter. The influence of adjacent soil particles on the

UNIFORM PRESSURE q

iy QR 1112112202282112212221121 28
* !

o. RIGID SMALL FOOTING b. RIGID MAT ON COHESIVE
ON COHESIONLESS SOIL OR COHESIONLESS SOIL
¢. FLEXIBLE MAT ON d. FLEXIBLE MAT ON
COHESTONLESS SOIL COHESIVE SOIL

Figure 3. Some contact pressure and deformation patterns
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stress distribution and pressure required for edge shear displacements causes
greater soil contact pressure near the perimeter (Burmister 1963). The
distortion of a uniformly loaded flexible mat on cohesionless soil will be
concave downward, Figure 3c, because the soil near the center is stressed
under higher confining pressure such that the modulus is higher near the
center. A uniform pressure applied to a flexible foundation on laterally
homogeneous cohesive soil, Figure 3d, causes greater settlement near the
center than near the edge because the elastic modulus of the soil is constant
laterally and cumulative stresses are greater near the center as a result of
the pressure bulb stress distribution. Deformation analysis of uniformly
loaded square flexible plates on elastic or cohesive soil indicates settlement
at corners about 1/4 and at edges about 1/2 of that at the center (Lysmer and
Duncan 1969). A uniform pressure applied to a large mat foundation on
cohesive soil will also cause the saddle-shaped soil contact pressure
distribution (Johnson 1989a, 1989b). This occurs because pressure is required
to shear or cut the soil at the perimeter leading to relative displacement
between the foundation and soil. Concentrated loads on footings or stiffening
beams of flexible ribbed mats may cause a cyclic pattern of soil deformation
with a spacing between cycles or waves equal to the spacing between
concentrated loads.
Water Content

19. Soil volume change and deformation from water content changes occur
from flow of moisture into and out of soil voids. Soils most susceptible to
volume change from changes in water content are plastic CH clays* such as
expansive clays, organic soil, and cohesive silty sands with high void ratios.
The cause of moisture flow is a gradient in the pore pressure where moisture
flows from regions of higher potential energy to lower potential energy or
pressure. Table 2 illustates some factors that can change the pore pressure.
The total potential head of a soil-water system differs from that of free
water and may be given by Dempsey (1976)

Q-z,+h,+h,+ hy (%)

where

*S0il descriptions follow the Unified Soil Classification System (HQDA 1960)
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Table 2.

Factors Leading to Changes in Pore Pressures

Factor

Mechanical pressure

Climate

Groundwater

Shrinkage cracks

Temperature gradients

Drainage

Vegetative cover

Utility lines

Construction

Description

Mechanical pressure applied to or removed from a soil
mass changes the state of stress in the solids and
pores, normally filled with air and water

Arid climates promote desiccation, while humid
climates promote wet soil profiles

Fluctuating and shallow water tables (less than 20 ft

‘from the ground surface) provide a source of moisture

change for heave or settlement

Vertical and horizontal shrinkage cracks may be a
major conduit for fluid and vapor moisture flow

Fluid and vapor moisture flow is influenced by
temperature gradients tending to move from warmer
to cooler regions

Poor surface drainage leads to moisture accumulations
or ponding

Trees, shrubs, and grasses are conducive to moisture
depletion by transpiration; moisture tends to
accumulate beneath areas denuded of vegetation

Leaking underground water and sewer conduits and
pipes provide a source of subsurface moisture

Foundations supporting facilities cover the soil
preventing evaporation of water from the ground
surface and transpiration of moisture from any
previously existing vegetation

I = total potential, ft

z, = gravitational potential or elevation relative to a datum, ft

h, = pressure potential, ft

-
[
1

osmotic potential, ft

L, = gas potential, ft

The pressure potential in saturated soil is u,/y, where v, is the unit

weight of water, 0.063 kip/ft3. The pressure potential in unsaturated soil is

the matric (matrix) potential or suction of the pore water. The osmotic

potential occurs from the concentration of soluble salts in pore water. This
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may be a factor if a desiccated foundation soil with a high salt content is
exposed to wetting from relatively pure surface water. The gas potential
occurs from variation in gas pressure which is not expected to be a major
factor in practical cases. Equation 4 for unsaturated soils simplifies to the
total head Q = z, + hy where h; 1is the sum of matrix and osmotic suctioms.

20. Moisture Flow From Applied Pressure. Moisture flow in saturated
soil may occur by primary consolidation if a mechanical pressure such as from
foundation or footing surcharge loads is applied to change the total potential
head, Table 2. The hydrostatic excess pressure caused by an applied load and
its gradient decrease with time as water drains from the soil causing the load
to be gradually carried by the soil skeleton. This load transfer is
accompanied by a decrease in volume of the soil mass equal to the volume of
water drained from the soil. Primary consolidation is complete when all
excess pressure has dissipated. The reverse of primary consolidation (rebound
of cohesive soils such as clays, clay shales, and claystones) can occur
beneath cut areas over lengthy time periods as moisture flows into these soils
to restore pore pressures back to near original values prior to the cuts.
Substantial differential soil heave between the perimeter and center of cut
areas can occur over several years.

21. Secondary compression and creep may also occur following placement
of mechanical pressure, but these appear to occur at essentially constant
effective stress with negligible change in pore water pressure. Secondary
compression and creep may be a dispersion process in the soil structure
causing particle movement and may be associated with electrochemical reactions
and flocculation. Although creep is caused by the same mechanism as secondary
compression, they differ in the geometry of confinement. Creep is associated
with deformation without volume and pore water pressure changes in soil
subject to shear, while secondary compression is associated with volume
reduction without significant pore water pressure changes. Secondary
compression or creep may be a significant contribution to settlement where
soft soil exists, particularly soil containing organic matter, or where a deep
compressible stratum is subject to small pressure increments relative to the
magnitude of the effective consolidation pressure. Refer to EM 1110-1-1904
(HOACE 1990) for further details.
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22. Moisture Flow From Wetting/Drying. Volume changes may occur from

any of the factors described in Table 2 that can wet or dry foundation soil.
Moisture flow will occur from higher pressure potential to a lower potential.
Shrinkage cracks in soil provide paths for liquid and vapor water to move long
distances. Temperature differences in soil beneath a building or in soil
beneath shaded and sunny areas can be significant and influence moisture over
long periods of time. Models for calculating equilibrium moisture, rate of
flow, and volume change or vertical heave are available in the literature
(Knight and Greenberg 1970, Lytton and Woodburn 1973, McKeen 1981, Johnson and
Snethen 1978, Fredlund and Dakshanamurthy 1982).

23. Construction of foundation systems on grade eliminates evaporation
of moisture from the ground surface and transpiration of moisture in the soil
by heavy vegetation such as trees. The subsurface soil beneath the foundation
often becomes wetter over time. Long-term wetting can vary from a few months
to many years and includes seasonal climate changes, irrigation and rainfall
patterns, droughts, subsurface drains and leaking sewer or water utilities.
Wetting can be sufficient to cause a shallow perched water table or elevation
increase in the groundwater of soil supporting the structure. Changes in
groundwater levels lead to heave or settlement (Blight 1987, Brandl 1987,
Papadopoulos and Anagnostopoulos 1987).

24. Deformation Patterns. Some factors that contribute to changes in

soil moisture and cause deformation patterns are described in Table 3 with
illustrations in Figure 4. All of these patterns can exist simultaneously and
may be superimposed to cause a complex pattern of differential foundation
movement characteristic of all types of military facilities, housing,
commercial structures and pavements. These surface distortions coupled with
deformations from changes in soil stress are hypothesized in this study as
being representative of wave motion with relatively long wavelengths exceeding
4 ft (measured wavelengths are discussed in paragraph 39.
Particle Bonding

25. Soil volume change and deformation may occur from solution of
calcareous cementation or other soluble salts or clays bonding larger
particles such as silts or sands together. These "collapsible" soils may be
mudflows or windblown silt deposits of loess. A collapsible soil at

natural water content may support a given foundation load with negligible
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Table 3.

Factors That Cause Nonuniform Surface Deformations

Item Factor Description

1 Heavy vegetation Heavy vegetation desiccates the soil: locations of
previously existing trees should show greatest
heaves from wetting of desiccated soil following
construction (Figure 4a)

2 Fissures Large cracks provide high permeable paths for
moisture flow down to desiccated expansive soil
leading to gilgai (Figure 4b)

3 0ld drainage Drainage and ponding areas wet the foundation soils

areas with possible settlement from consolidation and
creep following construction (Figure 4c)

4 Underground Leaking water and sewer lines can cause local heave
utilities in expansive soil or settlement in collapsible and

eroding soil (Figure 4d)

5 Perimeter Perimeter soil may heave from seasonal wetting and
wetting irrigation of plants and shrubs leading to edge

heave (Figure 4e)

6 Elimination of Foundations on the ground surface eliminate natural
natural evaporation of moisture from the ground surface and
evaporation and transpiration of moisture from vegetation leading to
transpiration a long-term center heave pattern

7 Variations in Lateral and vertical point-to-point variations in
type and amount clay minerals characteristic of alluvially deposited
of clay minerals clays and vertical clay stratifications; soils may

be complicated by permeable inclusions of silts,
sands, and gravels

8 Variations in Spatial dry density variations affect differential
dry Jensity soil movement where changes in field moisture vary

only with time and not with location

9 Hot areas Migration of moisture from hot areas in soil such
as beneath furnaces or boilers causing shrinkage
and heave in cooler regions leading to differential
movement (similar to Figures 4c or 4e)

10 Changes in Perched water may induce localized heave in a soil

water table
elevations

above or below the water; receding or rising water
tables may proceed at different vertical rates at
different locations due to variations in soil
permeability and clay mineral content
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Table 3 (Concluded)

Item Factor Description

11 Long-term Soil moisture at equilibrium under natural
changes in precipitation can be drastically altered following
moisture construction of structures and irrigation

12 Barriers to Manmade barriers such as horizontal or vertical
water membranes and natural geologic structures induce
movement nonuniform soil deformations

13 Pipelines for Natural highly permeable layers, granular bedding or
water movement backfills such as in utility trenches induce

nonuniform soil deformations (similar to Figure 4d)

14 Bedrock Bedrock and its depth influence soil shrink/swell;
drying proceeds more rapidly where bedrock is more
shallow and proceeds more rapidly than a site
having a permanent water table

15 Organic soil Organic soil may consolidate unevenly because of
fossil tree stumps, buried boulders, and other
inclusions

Note: Data from Lytton and Woodburn 1973, Technial Manual 5-818-7 (HQDA
1983), Blight 1987, Cheney 1988, and D. Earl Jones by personal communication
settlement, but when water is added to this soil bonding agents may dissolve
and the volume can decrease significantly through particle rolling and sliding
and cause substantial settlement of overlying foundations even under
relatively low applied stress or at the overburden pressure. Lowering of
water tables in some Karst areas may induce increased soil/rock stresses from
loss of bouyancy and accelerate collapse of below-grade cavities. An
associated problem can be lateral sliding of soil and supported structures as
sinks form.

26. Soils subject to collapse may have a honeycombed structure of bulky
shaped particles or grains held in place by a bonding material such as clay or
soluble salts of cementitious material. Typical collapsible soils are lightly
colored, low in plasticity with liquid limits below 45, plasticity indices
below 25, and relatively low dry densities between 65 and 105 lbs/cubic foot
(60 to 40 percent porosity). Local shallow or deep wetting, slow uniform rise

in the groundwater, or a slow increase in the soil water content can trigger
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Figure 4. Deformation patterns from water content changes

collapse settlement. Collapsible soils exposed to perimeter watering of
vegetation around structures or leaking underground water or sewer lines are
most likely to settle. Collapse may be initiated beneath the ground surface
and propagate toward the surface leading to sudden settlement of overlying
facilities. .

27. Collapse or erosion of subsurface particles such as into leaking
sewer lines will cause local subsurface voids and eventually settlement above
the wetted or eroded soil areas. The wave pattern may appear similar to

Figure 4c or Figure 4e.
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Thermal Effects

28. Soil volume change and deformation may occur from thermal
consolidation of thick and soft soil layers such as silt and clay. Thermal
expansion/contraction of the pore fluid may occur because of changes in the
fluid density that alter the buoyancy force of the fluid supporting the solid
matrix. A rise in the surface temperature above the soil can sufficiently
reduce the buoyancy force and effective stress in the soil overcoming thermal
expansion of the fluid and causing the soil to compress rather than swell (Mei
and Tyvand 1988). Labordtory experiments and analysis have shown that partial
saturation of the soil is necessary for a flow of moisture under a temperature
gradient. Moisture flow is probably from the transfer of vapor caused by the
temperature gradients (Jennings et al, 1952). Hydrogenesis in Table 1 is a
significant factor under some conditions, especially deterioration of asphalt
pavements on clay subgrades. Actual measurements to determine thermal effects

on soil distortion are limited. Wave patterns could resemble Figure 4e or 4f.

Differential Movement of Soil Surfaces

29. The hypothesis that soil movement may be modeled by wave patterns
provides a new way of interpreting differential movement by causes illustrated
in Table 1. Deformation patterns caused by soil volume changes shown in
Figure 4 illustrating factors in Table 3 relate commonly used terms such as
edge and center heave with soil wave patterns, Figure 5. Maximum differential
movement commonly denoted as "y," in the literature is used in several
ribbed mat design procedures (Post-Tensioning Institute 1980, Hartman and
James 1988). vy, 1is the maximum differential vertical heave that will occur
beneath a fully flexible weightless mat or a flexible impervious membrane
placed on the ground surface. y, is associated with edge heave such as
cyclic perimeter wetting and drying of item 5 and even items 1 to 4 of Table 3
depending on the location of the mat relative to the various factors. Yo 1is
also associated with center heave such as elimination of natural evaporati‘n
and transpiration of moisture of item 6 and also items 1 to & depending on the
location of the mat,
Edge Heave

30. Differential movement from edge heave may vary from 1/2 to the

total maximum unrestrained heave 2A, (Figure 1) beneath a weightless covered
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Figure 5. Differential movement beneath mats

area depending on when the mat is constructed relative to seasonal moisture
changes or when local sources of water or leaks occur; e.g., y, is 4, Iif
the mat is placed midway between the wet and dry periods or y, is 24, if
the mat is placed when the soil is fully wetted or fully dried by the climate
or leaks occur in utility lines beneath the mat. A, is the amplitude of a
periodic unrestrained soil wave pattern given by, Figure 1

d(x) = Au~sin(21ti:) (5)
where
#(x) = elevation of the wave at lateral distance x, in.
A, = unrestrained amplitude, in.
X = lateral distance, ft
) = wavelength, ft
24, 1is the peak-to-trough amplitude of the wave and the maximum unrestrained

soil heave.

31. Maximum Unrestrained Heave. The maximum unrestrained heave 2A,
may be estimated from results of swell tests
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N, ,
2a, = FAR Y ZED_—Zott (6a)
1=1 o(1)

where
f
Ah

efsy = final void ratio of depth increment i

soil fabric factor

increment of depth, ft

€o(sy = initial void ratio of depth increment i

N,, = number of depth increments to reach Z,

Z, = depth of the active zone for heave N,,-Ah, ft
Changes in void ratio commonly occur from moisture changes, but other causes
in Table 1 may contribute. The fabric factor f converts volumetric heave to
vertical heave and may vary from 1/3 for loose soil to 1.0 for dense soil.
Much of the swell of expansive clay minerals from increasing moisture in loose
soil is used to reduce the volume taken by fissures, while clay mineral swell
in dense soil is mostly transmitted through the soil structure and contributes
to surface heave. The factor £ = 1,0 if results of one-dimensional swell
tests are used because vertical dimensional changes are measured directly.
The final void ratio ey is determined from a model such as soil suction
(Johnson and Snethen 1978, McKeen 1981) or consolidation swell (ASTM D 4546).
The initial void ratio e, r:y be determined as part of the tests performed
on undisturbed soil prior to construction.

32. McKeen and Lytton (1984) found from pavement studies

24, = 0.37£C,2,CV,."ApF (6b)

where

C, = suction compression index (AV/V)/ApF, (pF)™*

AV/V = change in volume V

CVe, = coefficient of variation of C,

ApF = change in average suction, (pF)7!
C, 1is the fraction change in volume per change in pF. Equations 6 show that
the amplitude is a function of the fabric factor, expansiveness of the soil

and depth of the active zone for heave.

* pF is the logarithm to the base 10 of the negative pressure head in
centimeters of water.
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33. Depth of Active Zone. The depth of the active zone for heave Z,
or depth within which vertical dimensional changes are significant is an
elusive parameter that has been observed to vary from several to 20 or more
feet (HQDA 1983). This depth for seasonal climatic changes has been
determined to be (McKeen and Johnson 1990, Johnson 1989b)

[AUM]
1 20
z =

ae _[%]oﬁs (7)

where

2, = depth of active zone for edge heave, ft

2U, = suction change at the ground surface (Figure 6), pF

AUpax = maximum suction change below which movement is insignificant, pF

n = frequency of the suction change, cycle/yr

a = diffusion coefficient, ft?/yr
The magnitude of soil moisture at depth Z, or below is at equilibrium
suction U, and will not change provided external sources of moisture are not
present, Figure 6. Within Z, soil suction changes are bounded by an
envelope. The maximum width of the envelope 2U, is at the ground surface
and may vary from about 5 pF for extremely damaging climatic changes to about

1 pF for mild climates. AUy = (AV/V),/C, where (AV/V), 1is the fraction

le EUO'———"

.

Figure 6. Envelope of soil suction changes
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volume change that is significant at depth Z,. C; typically varies from
0.01 for low expansive to 0.07 or more for high expansive soils (denoted as +
in McKeen 1981, McKeen and Johnson 1990). AUy from 0.1 to 0.4 pF provide
Z,e that is consistent with observations, depths that vary from 5 to 20 ft or
so (HQDA 1983). The frequency n appears to vary from 0.5 to 1.4 for sites
in Texas and Mississippi. The diffusivity a of field soils is-about 9
ftz/yr for Yazoo clay near Jackson, Mississippi, to 120 ftz/yr for some soils
in Texas (McKeen and Johnson 1990). Diffusivities of these unsaturated soils
are quantitatively similar to the coefficient of consolidation observed in
similar plasticity saturated clays (Lambe and Whitman 1969).

34, Little information is available on the maximum suction change at
the depth of the active zone AUp,x. A computer analysis using program
SWELZA.FOR given in Appendix A indicates that AUy may be approximated by

0.007
Ct

where the coefficient of correlation r2 = 0.716. Equation 6 may therefore be

AU, = (8)

rewritten in terms of the suction compression index

1n| 8:0035
= Uo'Ce
Zae - __9_’_‘_ 0.8 (9)
a
Cy may be estimated from charts using soil cation exchange capacity data or
measured from results of soil suction-volume change laboratory tests on soil
specimens (McKeen and Johnson 1990).
35. Edge Moisture Variation Distance. The 