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ABSTRACT 

Expansive soils are considered to be a nightmare to the geotechnical engineers. 

As the losses to the infrastructure constructed on expansive soils is estimated to be in 

billions of dollars world wide annually, several researchers and practitioners from 

various regions of the world have made significant contributions to better our present 

understanding of these problematic soils. One of the topics that attracted interest is 

related to the 1 -D heave prediction or estimation methods for expansive soils. Early 

research studies on this topic were focused on developing empirical relationships 

which are not universally valid. Current techniques use soil suction methods and 

oedometer test methods to predict or estimate the 1-D heave; however, the various soil 

parameters required in these techniques can only be obtained from time consuming 

laboratory or in-situ tests that are expensive and difficult to be performed by 

conventional geotechnical engineers. 

In the present study, a simple technique is proposed to estimate the 1-D heave in 

expansive soils which requires only the information of plasticity index, Ip and variation 

in water content with respect to depth in the active zone. This technique is developed 

using the results of 5 case studies published in the literature. In addition to these case 

studies, 8 other case studies results of 1-D heave in expansive soils are summarized. 

The data of 13 of the case studies is collected from various regions of the world which 

include Australia, Canada, Chile, Saudi Arabia, Sudan, United States and Yugoslavia. 

Comparisons are provided between the measured and estimated 1-D heave for all the 

case studies have been using the proposed simple technique. There is a reasonably 

good comparison between the measured heave and the estimated heave for 8 of the 13 

case studies results (i.e., less than 30%). The estimated heave is more than the 

measured heave for all the case studies; which is conservative from an engineering 

practice perspective. The reasons associated with the discrepancies between the 

measured and predicted 1-D heave values for the remainder of the five case studies are 
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also discussed. 

The proposed simple technique is encouraging for the practicing geotechnical 

engineers in the estimation of 1-D heave in expansive soils. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Information 

Several parameters such as clay mineralogy, stress history, temperature, humidity 

and environmental conditions (i.e., wet-dry and freeze-thaw cycles) influence the 

engineering behavior of natural expansive soils. The natural water content of the 

expansive soils is dependent on all of the above parameters including the soil suction. 

One of the key problems associated with expansive soils is the swell pressures which 

contribute to the heave movements resulting in the lifting of the structures in both lateral 

and vertical directions due to the changes in water content (Nelson and Miller 1992, 

Fredlund and Rahardjo 1993). 

Expansive soils are typically found in a state of unsaturated condition. The soil 

suction varies from a value of zero when it is in a state of saturated condition to 

1,000,000 kPa when it is dry. This behavior is observed irrespective of the type of soil 

(Vanapalli et al. 1999). Typically, all coarse-grained soils, non-plastic soils and many 

fine-grained soils with low plasticity exhibit insignificant changes with respect to volume 

change behavior over the entire suction range of 0 to 106 kPa. However, the volume 

change behavior along with the flow and shear strength behavior of the expansive soils 

are significantly influenced over the entire suction range of the expansive soils. Due to 

this reason, expansive soils are considered to be a nightmare to the geotechnical 

engineers. The losses associated with expansive soils in the U.S.A are far greater than 

other natural hazards such as the earthquakes and floods (Jones and Holtz 1973). 

Many regions of the world have extensive deposits of expansive soils; they are 

particularly wide spread in semi-arid and arid regions of the world where the 

evapo-transpiration typically exceeds the precipitation (Dregne 1976; Fredlund and 

1 



Rahardjo 1993). Some of the countries which have these deposits are Argentina, Australia, 

Burma, Canada, China, Cuba, Ethiopia, Ghana, India, Israel, Iran, Mexico, Morocco, 

Rhodesia, South Africa, Spain, Turkey, United States, and Venezuela (Chen 1975). 

These soils cause damages to structures, pavements, pipelines, slopes, irrigation channels 

and other constructions and contribute to significant financial losses. The properties of 

expansive soils are continuously changing with changes in water content and suction and 

hence it is a challenge to predict their behavior. 

Expansive soils along with collapsible, residual, and compacted soils are considered 

as problematic soils as conventional soil mechanics cannot be applied for these soils. The 

geotechnical engineers in several situations prefer to avoid problematic soils; particularly 

expansive soils. However, with the population growth and with many regions of the world 

having vast deposits, geotechnical engineers have little choice but to deal with these soils. 

Early research studies during the period of 1950's and early 1960's were based on 

limited studies that focused on developing empirical relationships (Seed et al. 1962, Chen 

1975). Such empirical relationships were not found to be useful for explaining the 

expansive soils behavior of other regions (Brackley 1975, Burland 1984). Two 

symposiums of this period (South Africa, 1957; Colorado, 1959) and several series of 

specialized conferences which includes seven international conferences on expansive soils 

(Texas A&M, College Station, Texas, 1965; Texas A&M, College Station, Texas, 1969; 

Haifa, Israel, 1973; Denver, Colorado, 1980; Adelaide, Australia, 1984; New Delhi, India, 

1987; Dallas, Texas, 1992) have significantly contributed to better understand the 

expansive soils behavior. 

Several research studies have shown that unsaturated expansive soils can be better 

interpreted in terms of stress state variables (Fredlund and Morgenstern 1977, Alonso et al. 

1990, Fredlund and Rahardjo 1993). The focus of research in the area of expansive soils 

has been directed by most researchers in the world extending the mechanics of unsaturated 

soils since the First Conference on Unsaturated Soils, which was held in Paris in 1995. 

Since then, four more international conferences on unsaturated soils held in Beijing, China 

(1998), Recife, Barzil (2002), Carefree, USA (2006) have also significantly contributed to 
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understand various aspects of expansive soils. 

The design of foundations in expansive soils is one of the greatest challenges facing 

geotechnical engineers (Mitchell 1984, Nelson and Miller 1992). This is because the 

expansive soils typically have high swell pressures and contribute to intolerable heave of 

foundations and often affects critical safety aspects. Therefore, the design of foundations 

on expansive soils should include analyses of expected heave and consequences of 

foundation movement over the design life of the structure (Nelson et al., 2003). Practicing 

engineers rely on using a variety of design, construction, and stabilization techniques to 

reduce losses associated with expansive soils. However, the success of the techniques or 

procedures will mainly depend on key information such as the reliable determination or 

estimation of the swelling pressure and the soil heave. The most valuable information 

available in this research area include about case study results from Australia, Canada, 

Saudi Arabia, Sudan and the USA, which summarize the 1-D heave and swelling pressure 

of natural expansive soils (Fredlund 1969, Yoshida et al. 1983, Beal 1984, Mitchell and 

Avalle 1984, Hamberg and Nelson 1984, Ching and Fredlund 1984, Cameron and Walsh 

1984, Clifton et al. 1984, Osman and Sharief 1987, Dhowian et al. 1987, Maksimovic and 

Tonkovic 1987, Retamal et al. 1987, Cameron 1989, Snethen and Huang 1992, Nelson and 

Miller 1992, Li et al. 1995, Fityus and Smithl998, Vu and Fredlund 2004, Delaney et al. 

2005). Several millions of research dollars may have been invested into these studies to 

develop reliable techniques for estimation of 1-D heave of expansive soils. 

1.2 Problem Statement 

Estimation of the potential heave of expansive soils is required for taking appropriate 

design and construction measures to minimize the anticipated damages to the structures. 

Currently, the techniques commonly used for estimating or predicting the 1 -D heave can be 

divided into three categories: (i) empirical methods; (ii) soil suction methods and (iii) 

oedometer test methods. However, there are limitations to use these techniques: i) these 

techniques are not universally valid as they are proposed using only limited soils data 

collected locally; ii) they do not use the stress state variables approach that provides a 
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rational basis for interpretation; iii) the various soil parameters required in these techniques 

can only be obtained from time consuming laboratory or in-situ tests that are expensive and 

difficult to be performed by conventional geotechnical engineers. 

1.3 Objective of Present Research 

The key objective of the research presented in this thesis is to provide a simple 

technique to estimate the swelling pressure and the 1-D heave of expansive soils, which 

requires only the information of plasticity index, Ip and the variation in natural water 

content with respect to depth in the active zone of natural expansive soils. An attempt is 

made in this thesis to reanalyze the data of the valuable case studies reported in the 

literature to propose a consistent but simple framework that alleviates the limitations of the 

presently used techniques in the estimation of swelling pressure and 1-D heave. 

1.4 Thesis Organization 

This thesis is organized in six separate chapters. This chapter, Introduction provides 

details of the research problem addressed in this thesis. Chapter 2 provides a general 

background and reviews the various factors that influence the swelling behaviour of 

expansive soils. Several techniques available in the literature for estimating the swelling 

pressure and the heave of expansive soils are discussed in the next Chapter 3 along with 

their limitations. Chapter 4 summarizes the details of a simple method proposed for 

estimating 1-D heave of natural expansive soils. The proposed technique was tested on 13 

case studies results published in the literature and summarized as Chapter 5. This Chapter 

also provides comparisons between measured heave and estimated heave by using this 

method. Chapter 6 summarises the conclusions of the research presented from this research 

program and provides suggestions for future research studies. 
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CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Introduction 

Expansive soils contribute to significant damages to structures constructed on, in or 

with and contribute to significant financial losses. More effective and economical design 

of structures would be possible if the swelling pressure and ground heave of expansive 

soil can be reliably estimated or predicted. These soils are typically in a state of 

unsaturated condition and heave as the degree of saturation increases due to an increase 

in the water content. Several techniques available in the literature for estimating the 

swelling pressure and the heave of expansive soils are discussed in the next Chapter 3 

along with their limitations. 

This chapter provides a general background and reviews the various factors that 

influence the swelling behaviour of expansive soils. In addition, some key concepts 

related to unsaturated soils mechanics are presented. The background information 

summarized in this Chapter forms as foundation to various other details presented and 

discussed in later chapters of the thesis. 

2.2 General Background 

The solid phase of soils in both saturated and unsaturated soils typically consists of 

various amounts of crystalline clay and non-clay minerals, non-crystalline clay material, 

organic matter, and precipitated salts (Das 2008). The minerals are commonly formed by 

atoms of elements such as oxygen, silicon, hydrogen, and aluminum, organized in various 

crystalline forms. These elements combine with other elements such as calcium, sodium, 

potassium, magnesium, and carbon and comprise over 99% of the solid mass of soils 

(Spangler and Handy 1982). 

5 



The solid phase consists of some or different fractions of boulders, gravel, sand, silt 

and clay particles. It is well known that despite its size (i.e., less than 0.002 mm) the clay 

fraction has an important role in controlling the engineering behaviour of a soil (Mitchell 

1993). In other words, coefficient of permeability, shear strength and volume change 

behaviour of soils are significantly influenced by the clay fraction. 

The structure of a soil is the combined effect of fabric, composition, and 

interparticle forces in both saturated and unsaturated soils including expansive soils. The 

structure of soils is also used to account for differences between the properties of natural 

(structured) and remolded (destructured) soils (Leroueil and Vaughan, 1990). 

Unsaturated soils can be either naturally occurring soils which are commonly found 

in arid and semi-arid regions or artificially created (man-made) soils such as those 

formed by compaction. Collapsible soils, residual soils, lateritic soils, weakly cemented 

soils and expansive soils are typical examples of natural unsaturated soils. The 

unsaturated soils contain both air and liquid phases in the soil pores and their engineering 

behaviour is significantly different from conventional saturated soils. 

2.2.1 Various Phases in Unsaturated Soils 

A soil that is in a state of unsaturated condition consists of four different phases, 

namely; solid phase, water phase, air phase and contractile skin (Fredlund and 

Morgenstern 1977) (Figure 2.1). The properties of a soil depend mainly on the properties 

of its solid and water phases and the interaction between them. 

Fredlund and Morgenstern (1977) extended the concept of contractile skin as a tool 

to explain the unsaturated soil behaviour. The contractile skin acts like a thin membrane 

interwoven throughout the voids of the soil, acting as a partition between the air and 

water phases. It is the interaction of the contractile skin with the soil structure that causes 

an unsaturated soil to change its mechanical behaviour (i.e., volume and shear strength). 

In addition, the unsaturated soil properties also change in response to the position of the 

contractile skin (i.e., degree of saturation). In summary, it can be stated that an 

unsaturated soil has two phases that flow under the influence of a stress gradient (i.e., air 
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and water) and two phases that come to equilibrium under the influence of a stress 

gradient (i.e., soil particles forming a structural arrangement and the contractile skin 

forming a partition between the fluid phases) (Fredlund and Rahardjo 1993). 

Figure 2.1 A phase diagram of soil indicating the weights and volumes of air, soil, 
water, and voids (from http://en.wikipedia.org/wiki/Soil_mechanics). 

The contractile skin can be considered as part of the water phase with regard to 

changes in volume-mass soil properties; and it must be considered as an independent 

phase when describing the stress state and phenomenological behaviour of an unsaturated 

soil (Fredlund and Rahardjo 1993). Numerous research studies on the nature of the 

contractile skin point toward its independent role in the rational interpretation of the 

mechanics of unsaturated soils. Lyklema (2000) showed that the distribution of water 

molecules across the contractile skin takes the form of a hyperbolic tangent function as 

shown in Figure 2.2. 

' Thickness of the, 
! contractile skin i 

i ^ " 

r - f- -
t i 
! 1 
I 1 i 
I 1 / 
I \J 

| J\ 
1 / 1 

Water vapor density \ ^ ^ \ 

V I 

[ Liquid water density 

* Hyperbolic Tangent Function 
Thickness 
1 5 to 2 water molecules 
or about 5°A 

0 

Figure 2.2 Density distribution across the contractile skin (from Lyklema 2000). 

7 

http://en.wikipedia.org/wiki/Soil_mechanics


2.2.2 Stress state variables 

Terzaghi (1936) explained the effective stress principle valid for saturated soils as 

"All the measurable effects of a change of stress, such as compression, distortion and a 

change in the shearing resistance are exclusively due to changes in effective stress. Every 

investigation of the stability of a saturated body of earth requires the knowledge of both 

the total and the neutral stresses" 

Terzaghi's effective stress equation satisfies the conceptual framework of 

continuum mechanics and has proven to be useful in the interpretation of the engineering 

behaviour of different soils such as clays, silts, sands and gravels that are in a state of 

saturated condition. The effective stress state of a saturated soil can be expressed in a 

matrix form as given below: 

(T\ = 

(<*x-Uw) 

xy K-"w) 
r (a —u ) 
* yz \ z w / 

(2.1) 

The success in implementing the Terzaghi's effective stress principle for saturated 

soils in conventional engineering practice has prompted numerous investigators to extend 

the same to unsaturated soils Table 2.1 summarizes some of the key equations proposed 

in the literature for interpretation of unsaturated soil behaviour in terms of single stress 

state variable. 

Table 2.1 Proposed effective stress equations for unsaturated soils (one stress state 
variable) (modified after Vanapalli 1994) 

Equation 
<r' = <T + p " 

<j' = G ~(ua +WC) 

G' = a- J3'uw 

Author 

Donald, 1956 

Hilf, 1956 

Croney et al., 
1958 

Parameters 
p" : pressure deficiency of the 
pore water 

uc: capillary pressure 

J3f: holding or bonding factor 
dependent on degree of saturation 
and is a measure of the numbers of 
bonds under tension effective in 
contributing to the shear strength 
<J : Total normal stress 

Eqn. 
(2.2) 

(2.3) 

(2.4) 
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CT' = (a-ua) + x(ua-uw) 

<j' = G-(pp" 

G' = G-PP" 

a' = ai ~(ua-uw) + %(a - ua) 

<r' = <r-ua+Xm(hm+ua) 

sK s a' 

a' = (a-ua) + aw(ua -uw) 

°' = ° + XmPm+XsPs 

cr' = ((j-ua) + x(ua-uw)-R-gTs 

a 
'{ua-uw)k 

(ua~uw)m 

(a-ua) + ( 

-0.55 

ua-uw) 

Bishop, 1959 

Aitchison, 
1960 

Jennings, 1961 

Newland, 1965 

Richards, 1966 

Lambe & 
Whitman, 

1979 

Aitchison, 
1973 

Allam & 
Sridharan, 

1987 

Khalili & 
Khabbaz, 1998 

1 X : parameter related to the degree 
of soil saturation 

\(p : parameter varying between 
zero to one depending on degree of 
saturation 
pn : pore-water pressure 
deficiency 

(3: a statistical factor of the same 
type as the contact area 
p" : negative pore-water pressure 
deficiency 

cr : intrinsic stress arising from 

interparticle forces 
X : a parameter related to the 
degree of soil saturation 

hm : matric suction 

hs: solute suction 

Xm : effective stress parameter for 

matric suction 

X5 effective stress parameter for 

solute suction 

aw : ratio of area of water-mineral 

and water-water contact of total 
area of "wavy" plane 

p'^ : matric suction 

p"s : solute suction 

X :a parameter representing the 
proportion of the total void area 
occupied b the water on a reference 
plane 
R : osmotic suction 
g : interface parameter on the 
reference plane 

(ua —uw)f: matric suction in the 

specimen at failure condition 

( w a - w M ) m : a i r e n t r y v a l u e 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

(2.12) 

(2.13) 
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Figure 2. 3 Triaxial loading conditions on a cubical soil element of infinitesimal 
dimensions (Fredlund and Rahardjo, 1993). 

The equation proposed by Bishop (1959) (i.e., Eqn. 2.5) is more commonly used 

due to its simplicity in practical applications. Several investigators extended this equation 

and used it in proposing constitutive relationships for interpreting unsaturated soils 

behavior. However, some investigators questioned the validity of the proposed single 

stress-state equation given by Bishop (1959) as it does not provide reliable results for the 

interpretation of the mechanical behaviour of unsaturated soils (shear strength and 

volume change properties) and suggested that the mechanical behaviour should be 

independently related to the stress state variables (an - uj and (ua - uw) (Jennings 1961, 

Burland 1964, Blight 1967). 

In 1977, Fredlund and Morgenstern proposed a framework for unsaturated soils 

showing that any two of the following three stress state variables can be used to define 

the stress state of an unsaturated soil: net normal stress, (<jn - uj and matric suction, (ua -

uw), (o"n - uw) and (ua - uw), (an - uj and (an - uw). The stress state variables more often 

used in the interpretation of unsaturated soils behaviour are (an - uj and matric suction 

are (ua - uw). Extending continuum mechanics principles, these stress state variables can 

be represented in matrix form as follows (Fredlund 1979b): 
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(<J — U ) T 
V x a) yx 

T ((7 —U ) 

TyZ {°z-Ua) 

(2.2) 

(ua-uw) 0 0 

0 (ua-uw) 0 

0 0 (ua-uw) 

(2.3) 

Fredlund et al. (1978), suggested that the stress state variables; net normal stress, 

(oh - UQ) and matric suction, (ua - uw) combination was more appropriate because only one 

stress state variable is affected when the pore water pressure changes. The effects of 

externally applied loads and the effects of environmental changes can readily be 

separated in terms of stress changes using this combination. In addition, because the 

pore-air pressure is typically atmospheric, the stress state of net normal stress is simply 

the normal stress (Fredlund and Rahardjo 1993) 

2.3 Expansive Soils 

The interest in studying the expansive soils began in the late 1930's when swelling 

problem was noticed by the American Office of Land Reforms in 1938. It was soon 

realized that expansive soils are commonly found in many arid and semi-arid areas of the 

world such as Argentina, Australia, Burma, Canada, China, Cuba, Ethiopia, Ghana, India, 

Israel, Iran, Mexico, Morocco, Rhodesia, South Africa, Spain, Turkey, United States, and 

Venezuela (Chen 1975). In Canada, expansive soils are found in Western provinces 

which include Saskatchewan, Alberta and Manitoba. In many of these regions, evapo-

transpiration exceeds the precipitation and the expansive soils are typically found in a 

state of unsaturated condition. These soils swell or shrink with changes in their natural 

water content. 

2.3.1 Foundation damage 

Expansive soils can cause more damage to structures such as light buildings, 

pavements and pipelines to list a few. Structures built on expansive soils tend to undergo 
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moderate to severe cracking problems due to swelling and shrinkage behaviour (Nelson 

and Miller 1992). Because of the building loads on different portions of a structure's 

foundation significantly vary; the resultant uplift pressure will also be different. For 

example, the exterior corners of a uniformly-loaded rectangular slab foundation (Figure 

2.4a) will only exert about one-fourth of the normal pressure on a swelling soil of that 

exerted at the central portion of the slab (Rogers, et al., 1993). As a result, the corners 

tend to be lifted up relative to the central portion. This phenomenon will also be 

influenced due to the differences in water content variation within the soil at the edge of 

the slab. Such differential movements of the foundation can cause significant distress to 

the framing of a structure. 

Drilled pier foundations (Figure 2.4b) can also be adversely affected by expansive 

soil behaviour if the piers are not sufficiently deep (Rogers, et al., 1993). Frequently, the 

corner piers of a pier-supported structure are lifted up during swelling in the wet season, 

and then break their skin friction bond with the ground when the soil shrinks away from 

the pier in the following dry season. Loss of this "skin friction" decreases the pier's ability 

to support building loads. The pier functionality can likely fail if the soil strain is 

significantly large. 

Shallow pipes, especially plastic pipes, buried in the zone of seasonal moisture 

fluctuation, are exposed to enormous stresses by shrinking soils. If water or sewage pipes 

break, then the resultant leaking moisture can aggravate swelling damage to nearby 

structures (CFEM 2007). Concrete drainage devices can also be adversely affected by 

expansive soils as well. Swelling clays can lift and crack concrete ditches, seriously 

impairing their ability to convey runoff. Subsequent contraction may leave a void under 

the concrete, leading to piping and erosion as runoff flows under the ditch. 
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Figure 2.4 (a) Ground movements associated with the construction of shallow 
footings on an expansive soil, (b) Ground movements associated with the 
construction of a house founded on piles in expansive soils (Hamilton 1977). 
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2.3.2 Swell potential 

The swell potential mainly depends on the properties of its solid and water phases 

and the interaction between them. Many of the factors influencing the mechanism of 

swelling also affect, or are affected by the physical soil properties such as the plasticity or 

density (Nelson and Miller 1992). The factors influencing the swelling potential can be 

categorized in three different groups; namely, (i) the stress state; (ii) the soil 

characteristics that influence the basic nature of the internal force field; and (iii) the 

environmental factors that influence the changes that may occur in the internal force 

system. 

The tables below summarize the various soil properties and environmental factors 

that influence the swell potential. 

2.3.3 Identification 

Many researchers have made significant contributions towards identifying the 

expansive soils and the various factors that influence the expansive soil behaviour and the 

total heave. These indicators are based on measurements of the Atterberg Limits (liquid 

limit, plastic limit, and plasticity index), particle size distribution, percent swell, swell 

pressure, and coefficient of rebound obtained in the swell-consolidation test. Table 2.4 

provides a summary of the laboratory tests used in identification of expansive soils. 
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Table 2.2 Soil properties influencing swell potential (Nelson and Miller 1992) 
Factor 

Clay 
mineralogy 

Soil water 
chemistry 

Soil suction 

Plasticity 

Soil structure 
and fabric 

Dry density 

Description 
Clay minerals which typically cause soil volume changes are 
montmorillonites, ventriculites, and some mixed layer 
minerals. Hikes and Kaolinites are infrequently expansive, but 
can cause volume changes when particle sizes are extremely 
fine (less than a few microns). 
Swelling is repressed by increased cation concentration and 
increased cation valence. For example, Mg2+ cations in the 
soil water would result in less swelling than Na+ cations. 
Soil suction is an independent effective stress variable, 
represented by the negative pore pressure in unsaturated soils. 
Soil suction is related to saturation, gravity, pore size and 
shape, surface tension, and electrical and chemical 
characteristics of the soil particles and water 
In general, soils that exhibit plastic behaviour over wide 
ranges of moisture content and that have high liquid limits 
have greater potential or swelling and shrinking. Plasticity is 
an indicator of swell potential. 
Flocculated clays tend to be more expansive than dispersed 
clays. Cemented particles reduce swell. Fabric and structure 
are altered by compaction at higher water content or 
remolding. Kneading compaction has been shown to create 
dispersed structures with lower swell potential than soils 
statically compacted at lower water potential. 
Higher densities usually indicate closer particle spacings, 
which may mean greater repulsive forces between particles 
and larger swelling potential. 

References 

Grim, 1968; Mitchell, 
1973, 1976;Snethenet 
al., 1977 

Mitchell, 1976 

Snethen, 1980; Fredlund 
& Morgenstern, 1977; 
Johnson, 1973; Olsen & 
Langfelder, 1965; 
Aitchison et al., 1965 

--

Johnson & Snethen, 
1978; Seed etal., 1962 

Chen, 1975; Komornik 1 
& David, 1969;Uppal, 
1965 
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Table 2.3 Environmental factors (Nelson and Miller 1992) 

Factor Description References 

A desiccated expansive soil will have a higher affinity for water, or 
Initial higher suction, than the same soil at higher water content, lower 
moisture suction. Conversely, a wet soil profile will lose water more readily 
condition on exposure to dying influences, and shrink more be considered in 

conjunction with the expected range of final suction conditions. 

Moisture 
variations 

Changes in moisture in the active zone near the upper part of the 
profile primarily define heave. It is in those layers that widest 
variation in moisture and volume change will occur. 

Johnson, 1969 

Climate 

Amount and variation of precipitation and evapotranspiration greatly 
influence the moisture availability and depth of seasonal moisture 
fluctuation. Greatest seasonal heave occurs in semiarid climates that 
have pronounced, short wet period. 

Holland & 
Lawrence, 1980 

Groundwater Shallow water tables provide a source of moisture and fluctuating 
water tables contribute to moisture. 

Drainage and Surface drainage features, such as ponding around a poorly graded 
manmade house foundation, provide sources of moisture and fluctuating water 
water sources tables contribute to moisture. 

Krazynski, 1980; 
Donaldson, 1965 

Trees, shrubs, and grasses deplete moisture from the soil through 
Vegetation transpiration, and cause the soil to be differentially wetted in area of 

varying vegetation. 
Burkley, 1974 

Soils with higher permeability, particularly due to fissures and 
Permeability cracks in the field soil mass, allow faster migration of water and 

promote faster rates of swell. 

Wise & Hudson, 
1971; 
DeBrujin, 1965 

Temperature 
Increasing temperatures cause moisture to diffuse to cooler areas 
beneath pavements and buildings. 

Johnson & 
Stroman, 1976; 
Hamilton, 1969 

Stress history 

An over consolidated soil is more expansive than the same soil at the 
same void ratio, but normally consolidated. Swell pressures can 
increase on aging of compacted clays, but amount of swell under 
light loading has been shown to be unaffected by aging. Repeated 
wetting and drying tend to reduce swell in laboratory samples, but 
after a certain number of wetting-drying cycles, swell is unaffected. 

Mitchell, 1976; 
Kassiff& Baker, 
1971 

In-situ 
condition 

The initial stress state in a soil must be estimated in order to evaluate 
the probable consequences of loading the soil mass and/or altering 
the moisture environment therein. The initial effective stresses can 
be roughly determined through sampling and testing in a laboratory, 
or by making in-situ measurements and observations. 

Loading 

Magnitude of surcharge load determines the amount of volume 
change that will occur for given moisture content and density. An 
externally applied load acts to balance inter particle repulsive forces 
and reduces swell. 

Holtz, 1959 

Soil profile 

The thickness and location of potential expansive layers in the 
profile considerably influence potential movement. Greatest 
movement will occur in profiles that have expansive clays extending 
from the surface to depth below the active zone. Less movement will 
occur if expansive soil is overlain by non expansive material or 
overlies bedrock at a shallow depth. 

Holland & 
Lawrence, 1980 
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Table 2.4 Laboratory tests used in identification of expansive soils (Nelson and 
Miller 1992) 

Test Reference Properties Investigated Parameters Determined 
Atterberg limits 

Liquid limit 

Plastic limit 

Shrinkage limit 

ASTM Standards 
(1991) 
ASTM D-4308 

ASTMD-4318 

ASTM D-427 

Plasticity, consistency 

Upper limit water content of 
plasticity 
Lower limit water content of 
plasticity 
Lower limit water content of soil 
shrinkage 

Plasticity index, Ip 

Liquidity index, L/ 

Shrinkage ratio, R 

Linear shrinkage, Ls 

Clay content ASTM D-422 Distribution of fine-grained 
particles sizes 

Percent finer than 2 urn 

Mineralogical tests 

X-ray diffraction 

Differential 
thermal analysis 

Electron 
microscopy 

Whitting(1964) 

ASTM STP 479 
(1970) 
Barshad(1965) 

McCrone & Delly 
(1973) 

Mineralogy of clay particles 

Characteristic crystal dimensions Basal spacings 

Characteristic reactions to heat 
treatments 

Size and shape of clay particles 

Area and amplitude of 
reaction peaks on 
thermo grams 
Visual record of 
particles 

Cation-exchange 
capacity 

Chapman (1965) Charge deficiency and surface 
activity of clay particles 

CEC (meq/lOOg) 

Free swell test Holtz & Gibbs 
(1956) 

Swell upon wetting of 
unconsolidated unconfined 
sample of air dried soil 

Free swell= 
(VwerVdry)/Vd^*100% 

Potential volume 
change meter 

Lambe (1960b) One-dimensional swell and 
pressure of compacted, remolded 
sample under semi-strain 
controlled conditions 

SI (swell index)(lb/fr) 
PVC(potential volume 
change) 

Expansion index 
text 

Uniform Building 
Code 

One-dimensional swell under 
lpsi (6.9 kPa), surcharge of 
sample compacted to 50% 
saturation initially 

Expansion index (EI) 

California bearing Yoder & Witczak 
ratio test (1975) 

Kassiff etal. 
(1969) 

One-dimensional swell under 
surcharge pressure of 
compacted, remolded samples 
on partial wetting 

Percent swell CBR (%) 

Coefficient of Brasher et al. 
linear extensibility (1966) 
(COLE) test 

Linear strain of a natural soil 
clod when dried from 5psi (33 
kPa) to oven dry suction 

COLE and LE (%) 



Table 2.5 summarizes guidelines that can be used for roughly estimating the 

probable volume changes of expansive soils; based on soil classification properties and 

other conventional tests well known to the geotechnical engineers. 

Table 2.5 Data for estimating of probable volume changes for expansive soils (Chen 
1975) 

Laboratory and field data 

Percentage 
passing 

No.200 sieve 

>35 
60-95 
30-60 
<30 

Liquid 
limit 
(%) 

>60 
40-60 
30-40 
<30 

Standard 
penetration 
resistance 
(blows/ft) 

>30 
20-30 
10-20 
<30 

Probable 
expansion 

percent total 
Volume 
change 

>10 
3-10 
1-5 
<1 

Swelling 
pressure 

(ksf) 

>20 
5-20 
3-5 
1 

Degree 
of 

expansion 

Very high 
High 

Medium 
Low 

2.3,4 Heave prediction modelling 

The knowledge of several properties of expansive soils is necessary to reliably 

predict the heave behaviour. There are several techniques available in the literature for 

predicting the heave in expansive unsaturated soils which will be discussed in Chapter 3. 

Several constitutive models also have been proposed for the volume change behaviour of 

unsaturated soils that can be used to interpret or model the heave behaviour of expansive 

soils (Matyas and Radhakrishna 1968, Fredlund and Morgenstern 1977, Alonso et al. 

1990, Sheng et al., 2007). Alonso (1998) has undertaken a comprehensive review of 

earlier studies in literature and summarized several key features of expansive soils that 

have to be considered when developing a constitutive model for behavioural prediction 

purposes. 

(i) Behaviour under simple paths 

For a given soil, dry density, and confining stress, the final swelling upon wetting 

depends on the initial water content (or the initial suction) of the soil. The higher is the 

initial water content of the specimen; the lower will be the swelling (Holtz and Gibbs, 

1956). 

For a given soil, dry density, and initial water content (or initial suction), the 

swelling strain is influenced by the stress level acting on the soil. The higher is the stress 
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level; the lower will be the swelling strain upon wetting (Holtz and Gibbs, 1956). 

For a given soil, confining stress, and initial water content (or initial suction), the 

swelling strain upon wetting depends on the initial dry density of the soil. The higher is 

the initial dry density of the soil; the lower will be the swelling strain upon wetting (Holtz 

and Gibbs, 1956). 

Final swelling pressure depends on the initial dry density of the soil without 

pronounced effects of initial water content (Holtz and Gibbs, 1956; Sridharan et al., 1986; 

and Mesri et al., 1994). At high initial water content, swelling pressure tends to be equal 

to the initial suction of the soil which is in acceptance with the effective stress concept. 

During progressive wetting process, swelling pressure may reach an absolute 

maximum value at an intermediate water content (or suction) and may decay to reach a 

residual value. This behaviour has been observed by many researchers such as Alonso et 

al. (2001), Romero et al. (2003), and Lloret et al. (2003). 

(ii) Behaviour under complex paths involving changes in suction and mechanical 

loading 

At low stress level, wetting-drying cycles induce an accumulation of expansion (or 

swelling) (Alonso et al. 2001). At high stress level, there is an accumulation of 

contraction (or shrinkage) of the soil after cyclic wetting and drying. The experimental 

evidence shown in Dif and Bluemel (1991) and Alonso et al. (2001) is a proof of this 

behaviour for expansive soils. 

(iii) Long-term and osmotic effects 

The long-term effects as addressed in Alonso (1998) are related to primary and 

secondary behaviour of expansive soils such as compression under saturated and 

unsaturated state, swelling pressure development. The experimental proof of this 

behaviour is available from Komornik and Zeitlen (1979). The secondary effects have 

also been addressed and modeled by Navarro and Alonso (2001) as a local dehydration 
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process. The osmotic effects are mainly related to the effects of pore solute concentration 

on the mechanical behaviour of expansive soils. The consequence of this consideration is 

that whether osmotic suction has to be considered separately as stress state variable in the 

modeling of unsaturated behaviour of expansive soils. Barbour and Fredlund (1989) 

showed that osmotic suction can be considered as one of the stress state variables for 

unsaturated expansive soils. 

Chen (1975) studied both the properties of expansive soils and the features heave 

prediction modelling and summarized the key factors that should be used in 1-D heave 

prediction techniques without considering mineralogical composition 

(i) Swelling pressure 

In a conventional laboratory consolidation test, after the sample has been saturated 

and swelled to its maximum extent, the specimen is typically loaded gradually until it 

returns to its initial volume and the pressure required to attain its original volume (i.e., 

constant volume) is typically referred to as the swelling pressure. Swelling pressure is an 

in-built or intrinsic property of expansive soil; reflects only the swelling characteristics of 

the soil and will not be changed by placement conditions or environmental conditions. In 

other words, the swelling pressure is a unique property of an expansive soil. 

(ii) Initial moisture content 

The two important properties affecting the swelling percent and swelling pressure 

of an expansive soil are the water content and dry density. The lower the initial water 

content the higher would be the swell. The water content in a soil affects both the stress 

state and the volume change behaviour. In other words, water content is one of the key 

parameters that influence the total heave. Different soil structures are possible when an 

expansive soil is compacted at various densities and the different water contents 

contribute to different volume change behavioural characteristics. 

(iii) Initial dry density 

Several research studies show that both of the swelling percent and swelling 

pressure increase with the increase of dry density at constant initial water content (Chen 
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1975). When dry density decreases, swelling pressure rapidly approaches zero; when dry 

density increases, swelling pressure rapidly increases. 

(iv) Surcharge pressure 

The detrimental volume increase can be controlled or significantly reduced in 

expansive soils if sufficient load or surcharge is applied. Thus, a certain surcharge load 

can be recommended to control the foundation movement. 

(v) Soil profile 

The thickness of expansive soil affects the magnitude of total heave. If the 

thickness of high swell potential soils is thin, the potential total heave will be small. At 

the same time, for a thick stratum of low swelling soil, the total heave can be 

considerable over a long period of time. 

(vi) Time allowed for swell. 

The time required for the soil to reach its maximum swell potential may vary 

considerably depending essentially on the initial density, permeability, and the stratum 

thickness. 

There are more variables needed to be considered in expansive soils, such as water 

content variation, swell fatigue and depth of heave to better understand the various 

parameters that influence the volume change behaviour. 

2.3.5 Water content variation 

There will be no volume change in expansive soils if the natural water content is 

constant. In other words, the structures founded on clays will not be subject to movement 

if the water content of the clay remains unchanged. Changes in water content contribute 

to significant changes the pore-water pressures (i.e., suction). The water content changes 

can be attributed to climatic factors, change in the depth of water table, water uptake by 

vegetation, removal of vegetation, or the excessive watering of a lawn. There are 

examples of causes for foundation heave as a result of the changes in the water content of 

the soil (Table 2.6, Figure 2.5). These changes are from the environment or from man-
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made causes. Lightly built construction on either shallow foundation or pile foundation 

can be affected. 

Table 2.6 Examples of causes for foundation heave resulting from soil moisture 
content changes (Headquarters, U.S. Department of the Army 1983) 

Change in field 
environment from 
natural conditions 

Changes related to 
construction 

Usage effects 

Significant variations in climates, such as long droughts and heavy rains, cause cyclic 
water content changes resulting in edge movement of structures. 

Changes in depth to the water table lead to changes in soil water content 
Covered areas reduce natural evaporation of moisture from the ground, thereby increasing 
the soil water content. 

Covered areas reduce transpiration of moisture from vegetation, thereby increasing the soil 
water content. 

Construction on a site where large trees were removed may leads to an increase of moisture 
because of prior depletion of soil water by extensive root systems. 

Inadequate drainage of surface water from the structure leads to pending and localized 
increases in soil water content. Defective rain gutters and downspouts contribute to 
localized increases in soil water content. 

Seepage into foundation sub soils at soil/foundation interfaces and through excavations 
made for basements or shaft foundations leads to increased soil water content beneath the 
foundation. 

Drying of exposed foundation soils in excavations and reduction in soil surcharge weight 
increases the potential for heave. 

Aquifers tapped provide water to an expansive layer of soil. 
Watering of lawns leads to increased soil water content. 

Planning and growth of heavy vegetation, such as trees, at distances from the structure less 
than 1-1.5 times the height of mature trees, aggravates cyclic edge heave. 

Drying of soil beneath heated areas of the foundation, such as furnace rooms, leads to soil 
shrinkage. 

Leaking underground water and sewer lines can cause foundation heave and differential 
movement. 
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Figure 2.5 Changes in soil moisture content (http://en.wikipedia.org/wiki/SoiI 
mechanics) 

2.3.6 Fatigue 

Fatigue is one of the reasons that pavements placed on expansive clays undergo 

seasonal movement due to wetting and drying and reach a point of stabilization after a 

number of years (Chen 1988). Figure 2.6 summarizes results from these experiments. 

Fatigue of swelling was also observed in other research studies undertaken using 

controlled suction tests (Tripathy et al. 2002). Some researchers believe that if drying and 

wetting cycles are repeated, the swelling during the first cycle would be appreciably 

higher than that in subsequent cycles. Tripathy et al. (2002) studied the results from 

cyclic swelling and shrinkage paths of compacted expansive soil specimens and stated 

that, (i) the swelling and shrinkage path is reversible in terms of water content and void 

ratio once the specimen reaches an equilibrium condition (i.e., the vertical deformations 

during swelling and shrinkage are the same), and this generally occurred after about four 

swell-shrink cycles; (ii) the equilibrium swell-shrink path varies with the changes in 
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surcharge pressure and swell-shrink pattern; (iii) the equilibrium swell-shrink path was 

unaffected by the initial placement conditions (i.e., dry density and water content). 

^ " N J > 

^ ^ < > 

" ^ * " * - " " t * , , - « - * ^ j 

Claystone sample saturated to allow full extension, 
then desiccated to initial water content (1! 5%), 
then allow full expansion again 

0 1 2 3 4 5 6 7 
Number of Cycles of Wetting and Drying 

Figure 2.6 Effect of wetting and drying cycles on percent swell (modified after Chen 
1965). 

2.3.7 Environmental factors 

Environmental factors such as climate involving precipitation, evaporation and 

transpiration significantly influence the movement of water in expansive soils. The depth 

and degree of desiccation affects the amount of swell. Climate condition partially affects 

the desiccation. The swelling soil located below ground water will not pose a problem to 

the structure (Chen 1975, Nelson and Miller 1992). The thickness of the swelling soil 

stratum is, therefore, limited by the depth to ground water. However, ground water 

fluctuates, and receding ground water sometimes contributes to additional swelling. 

Damaging swelling soil problems are seldom encountered for a soil profile with ground 

water located short distances beneath the footing. Capillary movement and vapour 

transfer will be such magnitude that it takes only a short period of time before the thin 

layer of swelling soil below the structure becomes completely saturated (Chen 1975). 

2.3.8 Active zone 

The depth of heaving is defined as the depth of soil that is contributing to heave 
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due to soil expansion at any instant of time. Nelson et al. (2003) defined this depth 

as "active zone" which generally refers to the zone of soil that either is contributing to or 

has the potential to produce heave. In order to predict heave at any particular time, it is 

necessary to define the zone of soil that has experienced an increase in water content and 

what the swell potential of that zone is. Even though several years may be required for 

heave to occur, it is important to take into account the ultimate amount of heave that may 

occur in the life time of the structure in foundation designs. 

Engineers have attempted to determine the zone of soil that is being wetted using 

different definitions, each of which considers a particular emphasis. Nelson et al. (2001) 

put forth the following four definitions regarding depth of water migration for purposes 

of clarity and consistency. 

1) Active zone is that zone of soil that is contributing to heave due to soil 

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

2) Zone of Seasonal Moisture Fluctuation is that zone of soil in which water 

contents change due to climatic changes at the ground surface. 

3) Depth of Wetting is the depth to which water contents have increased due to the 

introduction of water from external sources, or due to capillarity after the elimination of 

evapo-transpiration. The external sources can include such things as irrigation, seepage 

from ponds or ditches, broken water lines, and others. 

4) Depth of Potential Heave is the depth to which the overburden vertical stress 

equals the swelling pressure of the soil. This represents the maximum depth of Active 

Zone that could occur. 

The depth of active zone (Figure 2.7) can be determined by field measurements of 

moisture content or soil heave with depth over a number of seasons. Generally, the depth 

of heave depends on many factors, including the type of soil, the soil profile, changes in 

atmospheric conditions, and depth to the water table (Kumar 2000). Although no specific 

criteria considering these variables were found, the critical depth to the water table is 
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probably a function of subgrade strength, subgrade permeability, subgrade capillarity, 

and the ratio of the design vertical live load stress to the live load plus dead load vertical 

stress (Ridgway et al. 1996). These items are important because the strength of the 

subgrade must be assessed at the effective stress level (i.e., the total stress less the pore 

pressure), whereas the driving force to cause failure is at the total stress level. 

Water Content (%) 

3.0 

-O— Initial water content 
-••— Final water content 
-A— Water content for S = 100% 

Figure 2.7 Variation of in situ water content with respect to the depth in active zone 
(modified after Yoshida et al. 1983). 

2.4 Summary 

There is a world-wide interest in understanding the expansive soils behaviour 

because of the various problems it poses particularly to the lightly loaded structures. 

Several researchers and practitioners have significantly contributed to our knowledge 

towards better understanding the expansive soils behaviour. This chapter mainly 

summarizes the general information about expansive soils extending unsaturated soil 

mechanics principles. 
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CHAPTER 3 

HEAVE PREDICTION METHODS 

3.1 Introduction 

Conventional soil mechanics used for interpreting the engineering behavior of 

saturated soils cannot be applied for expansive soils as they are typically in a state of 

unsaturated condition. The engineering behavior of expansive soils is sensitive to both 

the changes in water content and as well as suction. Swell pressures associated with 

changes in water content and suction of unsaturated expansive soils contribute to 

undesirable heave movements contributing to significant damages to structures. The 

heave in the expansive soil typically continues until the degree of saturation is equal to 

100%. 

Practicing engineers rely on using a variety of design, construction, and 

stabilization techniques to reduce losses associated with expansive soils. However, the 

success of the techniques or procedures will mainly depend on key information such as 

the reliable determination or estimation of the swelling pressure and the soil heave. 

Reliable determination or estimation of the swelling pressure and the soil heave has 

proven to be difficult to date. Due to these reasons, the design of foundations in 

expansive soils has been one of the greatest challenges facing geotechnical engineers 

(Nelson et al. 2003). 

Reliable design of foundations on expansive soils should include analyses of 

expected heave and consequences of foundation movement over the design life of the 

structure. The heave prediction techniques in unsaturated expansive soils have been 

studied both using the 3-D (i.e., Vu & Fredlund 2004; Masia et al. 2004; Wray et al. 

2005) and the 1-D analysis (Johnson and Snethen 1978, Fredlund 1983, Hamberg and 
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Nelson, 1984 and Mitchell and Avalle 1984). The 1-D heave is more commonly used 

in the estimation, prediction and measurement in engineering practice applications. 

Most of the available methods in the literature for the prediction of heave generally 

make use of the linear relationship between void ratio (vertical strain) and the 

logarithms of net normal stress or soil suction (Fredlund 1983, Dhowian 1990 and 

Nelson et al. 2006). 

Numerous techniques and analytical procedures have been proposed and millions 

of research dollars may have been invested in to collecting the valuable field data 

related to heave in expansive soils under different scenarios (for example, McKeen 

1980; Snethen 1980; Fredlund 1983; Hamberg & Nelson 1984; Dhowian 1990; 

Mckeen 1992; Nelson & Miller 1992; Fityus & Smith 1998). This chapter provides a 

comprehensive summary of available heave prediction methods for expansive soils in 

the literature. 

3.2 Constitutive Relationships for Volume Change Behavior 

Several constitutive relationships are available in the literature using the 

mechanics of unsaturated soils to interpret the volume change behavior (Matyas and 

Radhakrishna 1968, Alonso et al. 1990, Fredlund and Rahardjo 1993). The basic 

constitutive relationships can be written in three different forms; which include the 

elasticity parameters, the compressibility parameters and the volume-mass form 

(Fredlund and Rahardjo 1993, Clifton et al. 1999). These relationships are summarized 

in this section. 

3.2.1 Elasticity form 

The elasticity form of the volume change constitutive relationships for an 

unsaturated soil can be formulated as an extension of the equations used for saturated 

soils. The soil is assumed to behave as an isotropic, linear elastic material, and the form 

for soil structure can be shown in below: 
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dsv =3 — ^ K ^ m ^ -Ua) + Jjd(ua ~Uw) C3 '1) 

where, o ^ ^ = (<JX + cy + crz>) / 3 is the average total normal stress 

For a complete description of the volume change behavior in an unsaturated soil, 

a water phase constitutive relation is also required, which can be written as: 

^-f^-^K^^1 (32) 

where, Ew is the water volumetric modulus associated with a change in (a- uj; Hw is 

the water volumetric modulus associated with a change in (ua - uw). 

The above constitutive relationships are formulated for a general 

three-dimensional loading. 

3.2.2 Compressibility form 

The constitutive equations can also be written in a compressibility form which is 

more commonly used in conventional soil mechanics. The equation for the soil 

structure of an unsaturated soil to represent general three dimensional loading is given 

below: 

dev=mfd((Tmean-ua) + mid(ua-uw) (3.3) 

where, mf = 3(1 - 2ju) / E is the coefficient of compressibility with respect to net 

normal stress; mf = 3/H is the coefficient of compressibility with respect to matric 

suction. 

The compressibility form for the water phase in terms of (a - ua) and (ua - uw) 

stress state variables is: 

29 



-f- = m?d(*mean -ua) + m%d(ua -uw) (3.4) 

where, mf = 3/Ew is the coefficient of water volume change with respect to net normal 

stress; mf = 3/Hw is the coefficient of water volume change with respect to matric 

suction. 

3.2.3 Volume-mass form 

The volume-mass form for the constitutive relationships for an unsaturated soil 

involves the use of void ratio, e, water content, w, and/or degree of saturation, S. Since 

the void ratio change can be independent of the water content change for an unsaturated 

soil, the volume change constitutive equation for three-dimensional loading is written 

in terms of void ratio as below: 

de = atd(crmean-ua) + amd(ua-uw) (3.5) 

where, at = 9e / d(a- ua) is the coefficient of compressibility with respect to a change in 

net normal stress, d(cr- ua)\am = se / d(ua - uw) is the coefficient of compressibility with 

respect to a change in matric suction, d(ua - uw). 

For a complete volume-mass characterization, a second constitutive relationship 

is required. Such a relationship can be written as a water content relationship for 

three-dimensional loading as below: 

dw = btd(amean-ua) + bmd(ua-uw) (3.6) 

where, bt = 9w / 9(a - ua) is the coefficient of water content change with respect to a 

change in net normal stress, d(cr - ua)\ bm = se / s(ua - uw) is the coefficient of water 

content with respect to a change in matric suction, d(ua - uw). 

Figure 3.1 shows these constitutive relationships which can be visualized in the 

form of volume-mass constitutive surfaces on three-dimensional plots, with at,am, bt 
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and bm as the slopes of the constitutive surfaces. 

MATRIC SUCTION 
(Ua - Ua) 

(a) 

C£J-

h-UJ 

o 

PRESSURE PLATE 
TEST PLANE 

MATRIC SUCTION 
(Ua - Uw) 

(b) 

Figure 3.1 Constitutive surfaces for an unsaturated soil (a) Three-dimensional 

void ratio constitutive surfaces (b) Three-dimensional water content constitutive 

surfaces (after Fredlund and Rahardjo 1993). 
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The constitutive surface can also be shown by plotting the volume-mass 

parameters versus the logarithm of the stress state variables (Nelson and Miller 1992). 

The constitutive surfaces exhibit a symptom of "uniqueness" (Fredlund and Rahardjo 

1993). The "uniqueness" of the constitutive surfaces demonstrates that there is only 

one relationship between the deformation and stress state variables (Chao 2007). 

Similar form of constitutive relationships can also be formulated for unloading 

conditions. 

3.3 Heave Prediction Methodologies 

Lightly loaded structures constructed on expansive soils are often subjected to 

severe distress subsequent to construction over a period of time as a result of changes in 

water content and associated pore-water pressures (i.e., suction) in the soil. The most 

commonly damaged structures are near ground surface structures such as roadways, 

airport runways, pipe lines, small buildings, irrigation canals and spillway structures. 

This section provides a brief background of the heave prediction methodologies 

commonly used in engineering practice. 

Heave prediction methodologies were first developed in the late 1950s, and 

originated as an extension of methods used to estimate volume change due to settlement 

in saturated soils using results of one-dimensional oedometer (consolidation) tests 

(Chao 2007). Heave prediction methodologies have been refined continuously as 

knowledge and understanding of unsaturated soil behavior has increased. Taylor (1948) 

proposed a mathematical model describing settlement of a layer of saturated expansive 

soil. Jennings and Knight (1957) first proposed the extension of settlement theory to 

heave prediction using oedometer tests. Salas and Serratosa (1957) presented the 

oedometer heave prediction model in terms of the logarithmic pressure, and 

incorporated the "swelling pressure" of a soil into the equation. Their equation was of 

the same form as that presented by Taylor (1948). The "swelling pressure" of a soil was 

first defined by Palit (1953), as the pressure in an oedometer test required to prevent a 
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soil sample from swelling after being saturated. Aitchison (1973) was one of the 

earliest investigators to propose a method for calculating moisture-related ground 

movements taking account of change in pore-water (i.e., suction model). Fredlund et 

al. (1980) was probably the first of the investigators to provide a theoretical framework 

to include soil suction in the prediction of heave in expansive soils. There are several 

techniques or procedures used in geotechnical engineering practice to estimate the 

swelling pressure, swell potential and the 1-D heave in expansive soils. These 

techniques can be divided into three main categories based on: (i) empirical methods; 

(ii) oedometer test methods; and (iii) soil suction methods. 

3.3.1 Empirical methods 

Empirical methods use soil classification parameters to predict swelling behavior 

of expansive soils. These methods are developed based on the limited data collected on 

local or soil from a region. Table 3.1 summarizes the list of several empirical methods 

from the literature. 

3.3.2 Oedometer test methods 

Prediction methods based on oedometers tests are more widely used when 

compared to the other two methods. The swelling pressure determined from oedometer 

test methods is one of the key parameters used in the determination of the 1-D heave. 

Table 3.2 and Table 3.3 summarize these methods. 

Depending on the loading procedure, several methods are developed such as the 

free swell tests, the overburden swell tests; and the constant volume swell (CVS) tests 

using conventional oedometer test methods. The analysis of the 1-D oedometer tests 

should also take into account the loading and unloading sequence, surcharge pressure, 

sample disturbance, and apparatus compressibility. In many of the conventional 

consolidometer test procedures only the total stress is controlled. 
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Table 3.1 Summary of the empirical methods 

Author Equation/Description Eqn. 

SP = 0.00216/ 
2.44 

Seed etal. (1962) 
SP: swelling potential, %; 

Ip: plasticity index. 

(3.7) 

Van der Merve (1964) 

A „ „ -0.377D, -0.377H n A// = Fe (e - 1) 

H: volume change; 

zl//: total heave; 

F: correction factor for degree of expansiveness; 

D is the thickness of nonexpansive layer; 

(3.8) 

Ranganathan & 

Satyanarayana (1965) 
SP = 0.000413/ 2.67 

Is: shrinkage index, (LL-SL). 

(3.9) 

Nayak & Christensen 

(1971) 

SP = 0.00229/p (1.45c) / w( + 6.38 

Ps(psi) = [(3.58- 1 0 " 2 ) / p
1 , 1 2 c 2 / w ? ] + 3.79 

w,: initial water content; 

Ps is the swelling pressure; 

c: clay content. 

(3.10) 

(3.11) 

Vijayvergiva & 

Ghazzaly(1973) 

SP = 1 /12 (o.4ZX - w; + 5.55) 

log 5P = 0.0526^ + 0.033LL - 6.8 

LL: liquid limit. 

(3.12) 

(3.13) 

Schneider & Poor 

(1974) 
\ogSP = 0.9(1 D/wi)-\A9 (3.14) 

Chen (1975) SP = 0.2558e 
0.08381/r 

(3.15) 

Weston (1980) 
CD nnn>iiHf 4 1 7 " 3 - 8 6 ~2-33 5P = 0.0041 \LLW <7V wi 

LLW : weighted liquid limit 

(3.16) 

Picornell & Lytton 

(1984) 

AH = Zfi{AV/v)iH 

H: the stratum thickness; 

Av/v,: volume change with respect to initial volume. 

f,: factor to include the effects of the lateral confinement; 

(3.17) 

Dhowian (1990) 
H 

AH = (SP%) 
100 

(3.18) 
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Table 3.2 Oedometer tests used for heave prediction (modified and expanded 

after the original contribution of Nelson and Miller 1992) 

Tests Location Description Reference 

Double 

oedometer 

method 

South 

Africa 

Two tests performed on adjacent samples; a 

consolidation-swell test under a small surcharge 

pressure and a consolidation test, performed in the 

conventional manner but at natural moisture content. 

Analysis accounts for sample disturbance and allows 

simulation of various loading conditions and final 

pore-water pressures. 

Jennings & 

Knight 

(1957) 

Volumenometer South 

method Africa 

Uses specialized apparatus, air-dried samples were DeBruijin 

inundated slowly under overburden pressure. (1961) 

Sampson, 

Schuster & 

Budge method 

Two tests performed on adjacent samples to simulate 

Colorado, highway cut conditions; a consolidation-swell test 

USA under overburden surcharge, and constant 

volume-rebound upon load removal test. 

Sampson et 

al. (1965) 

Noble method Canada 

Consolidation-swell tests of remolded and 

undisturbed samples at various surcharge loads to 

develop empirical relationships for Canadian prairie 

clays. 

Noble (1966) 

Sullian and 

McClelland 

method 

USA 
Constant volume test, samples initially under 

overburden pressure on inundation. 

Sullivan & 

McClelland 

(1969) 

Komornik, 

Wiseman & 

Ben-Yacob 

method 

Constant volume tests at various depths and 

swell-consolidation tests at various initial surcharge 

Israel pressures representing overburden plus equilibrium 

pore water suction, used to develop swell versus depth 

curves. 

Komornik et 

al. (1969) 

Navy method USA 

Swell versus depth curves determined by 

consolidation-swell tests at various surcharge 

pressures representing overburden plus structural 

loads. 

Navy (1971) 

Wong & Yong 

Method 
England 

Swell versus depth is determined as in Komornik, 

Wiseman & Ben-Yacob method and Navy method; 

but surcharge loads of overburden plus hydrostatic 

pore water pressures are used. 

Wong& 

Yong (1973) 

USBR method U.S.A 
Double sample test, a consolidation-swell under light 

load, and a constant volume test. 
Gibbs(1973) 

Direct model 

method 
Texas, USA 

Consolidation-swell tests on samples inundated at 

overburden or end-of-construction surcharge loads. 
Smith (1973) 

Simple South Improved from double oedometer test. Single sample Jennings et 

Oedometer Africa loaded to overburden, then unloaded to constant al. (1973) 
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seating load, inundated and allowed to swell, 

followed by usual consolidation procedure. 

Mississippi 

State Highway 

Dept. method 

Mississippi, Consolidation-swell tests on remolded or undisturbed 

USA samples inundated at overburden surcharge loads. 

Teng et al. 

(1972; 1973) 

Teng& 

Clisby(1975) 

Controlled 

strain test 

Colorado, 

USA 

Constant volume swell pressure obtained on Porter & 

inundation followed by incremental, strain-controlled Nelson 

pressure reduction. (1980) 

University of 

Saskatchewan 
Canada 

Constant volume test. Procedure includes sample Fredlund et 

disturbance and apparatus deflection. al. (1980) 

Sridharan, Rao 

& Sivapullaiah 

method 

India 

Tests results from three methods, namely, a) 

conventional consolidation tests, b) equilibrium void 

ratios for different consolidation loads, and c) 

constant volume method are combined to study the 

swelling pressure of expansive soils. Results show 

that method a) gives a upper bound value; method b) 

gives the least value; and method c) gives the 

intermediate value. 

Sridharan et 

al. 1986 

Erol, Dhowian 

& Youssef 

method 

Assessment of the various oedometer test methods of 

Saudi ISO (improved swell oedometer test), CVS (constant 

Arabia volume swell test) and SO (swell overburden test) is 

used for heave prediction. 

Erol et al. 

(1987) 

Shanker, 

Ratnam & Rao 

method 

India 

Studying the multi-dimensional swell behaviour by 

testing cubic soil samples in oedometers. Swelling of 

samples is allowed to occur in 1-, 2- or 3- dimensions 

under a token surcharge. 

Shanker et al. 

(1987) 

The stress path triaxial cell and oedometer are used to 

evaluate the vertical swell of expansive soils under Al-Shamrani 

Saudi multi-dimensional loading conditions. Several series & 

Arabia of triaxial swell tests were conducted in which the Al-Mhaidib 

influence of confinement on the predicted vertical (1999) 

swell was evaluated. 

Al-Shamrani & 

Al-Mhaidib 

method 

Basma, 

Al-Homoud & 

Malkawi 

method 

Jordan 

Two commonly used method, zero swell test and the 

swell-consolidation test; and two relatively new 

techniques, "restrained swell test" and "double 

oedometer swell test" are using to study the swell 

pressure of the expansive soil. The restrained swell 

test is believed to give more reasonable results for 

swell pressure determination and thus is considered to 

more closely resemble field conditions. 

Basma, et al. 

(2000) 

Subba Rao & 

Tripathy 
India 

One-dimensional oedometer is used to study the Subba Rao & 

swell-shrinkage behaviour of the compacted Tripathy 
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method expansive soils. The compression-rebound tests were (2003) 

conducted on aged and un-aged compacted specimens 

by incrementally loading them up to a certain 

surcharge and then unloading. And the cyclic 

swell-shrinkage tests were carried out in fixed ring 

oedometers with the facility for shrinking the 

specimens at fixed temperature under constant 

surcharge pressure. 

The evolution of heave prediction methodologies using oedometer tests has been 

largely related to determination of the index parameters (i.e., swelling index, Cs; heave 

index CPf C#) and use them in the heave prediction equations. Burland (1962) first 

proposed using the slope of the rebound portion of the consolidation swell curve. 

Fredlund (1983) indicated that the slope of the unloading curve from 

consolidation-swell tests is approximately the same as the slope of the rebound curve 

determined from constant volume tests. Fredlund (1983) method and Nelson and Miller 

(1992) method used test results from both the consolidation-swell test and the constant 

volume test to determine the index parameters (i.e., Cs and Cp). Nelson and Miller 

(1992) method (Eq.(3.21)) uses the same equation as Fredlund (1983) method 

(Eq.(3.19)). Feng et al. (1998) presented a comprehensive comparison study of swell 

pressure as determined by different oedometer test methods. Nelson et al. (1998) and 

Bonner (1998) presented a method of estimating the index parameter using test results 

from only consolidation-swell tests. Nelson et al. (2006) refined the analysis and 

developed the methodology for determining the percent swell as a function of the 

inundation pressure. 

3.3.2.1 Fredlund (1983) method: 

Fredlund (1983) proposed an equation that can be used to calculate the 1 -D heave 

in expansive soils using the constant volume swell (CVS) oedometer test results. The 

equation is shown below (Eq.(3.19) (see Table 3.3): 

n n H 

i = \ , = i v + e° 
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where, Ht = thickness of the ith layer, P/ ( = oy + Aoy - uwf) = final stress state, P 's = 

corrected swelling pressure, Cs = swelling index, <jy = total overburden pressure, Aay = 

change in total stress, uwf = final pore-water pressure; and eo = initial void ratio. 

The CVS test procedure involves inundating the sample in the oedometer while 

seated under a nominal load, which is typically 7 kPa (i.e., 1 psi). The load on the 

sample is increased to prevent any volume increase or swelling of the sample. The 

maximum applied stress required maintaining constant volume is the swell pressure. 

When the specimen no longer exhibits a tendency to swell, the applied load is further 

increased in a series of increments in a manner similar to that of a conventional 

consolidation test. Once the recompression branch of the consolidation curve has been 

established, the sample is rebounded by complete load removal in order to establish the 

swelling index, C5. 

The test has two main measurements; namely, corrected swelling pressure, P 's 

and the swelling index, Cs. The undisturbed soil sample taken from the in-situ condition 

was subjected to the overburden stress (total stress) and matric suction. The total stress 

plane is combined of total stress and matric suction to provide an indication of the 

initial stress state in an expansive soil. The volume change with stress state can be 

computed by the change in stress state and the swell index, Cs. 

The matric suction is brought to zero during inundation, but is not measured prior 

to this condition. However, the total stress on the specimen is increased to keep the 

specimen from increasing in volume. The swelling pressure represents the sum of the 

in-situ overburden stress and the matric suction of the soil translated into the total stress 

plane (Figure 3.2). Therefore, the swelling pressure is dependent on the in-situ suction. 

The measured swelling pressure is underestimated unless the effect of "sampling 

disturbance" and "apparatus compressibility" are taken into account (Fredlund 1969). 

The interpretation of the CVS test must include a correction for the compressibility of 

the consolidation apparatus, the compressibility of filter paper, and the seating of the 

porous stones and the soil specimen. Sample disturbance will result in a measured 

swelling pressure that is lower than the in-situ value. Therefore, to determine the 

corrected swelling pressure, P 's, the laboratory data should be corrected to account for 
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the compressibility of the apparatus. The correction of sampling disturbance is also 

used in order to establish P \ The "uncorrected" swelling pressure is typically low to 

use in the prediction of total heave. Predictions using "corrected" swelling pressures 

may often be twice the magnitude of those computed when no correction is applied 

(Fredlund 1983). 

o 
6 
2 

o 
Final stress conditions > 

Figure 3.2 Stress paths representing swelling of Regina soil (modified from 

Fredlund, 1983). 

The following procedure is suggested for obtaining Ps from CVS test results. 

When interpreting the laboratory data, an adjustment should be made to the data in 

order to account for the compressibility of the oedometer apparatus. Desiccated, 

swelling soils have a low compressibility, and the compressibility of the apparatus can 

significantly affect the evaluation of in situ stresses and the slope of the rebound curve 

(Fredlund 1969). Because of the low compressibility of the soil, the compressibility of 

the apparatus should be measured using a steel plug substituted for the soil specimen. 

The measured deflections should be subtracted from the deflections measured when 

testing the soil. The adjusted void ratio versus pressure curve can be sketched by 

drawing a horizontal line from the initial void ratio, which curves downward and joins 
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the recompression curve adjusted for the compressibility of the apparatus (Fredlund 

and Rahardjo 1993). Second, a correction can be applied for sampling disturbance after 

determining the equipment compressibility. Sampling disturbance increases the 

compressibility of the soil, and does not permit the laboratory specimen to return to its 

in situ state of stress as its in situ void ratio. More detailed testing procedures of this 

technique are available in ASTM D4546-2000. 

Casagrande (1936) proposed an empirical construction on the laboratory curve to 

account for the effect of sampling disturbance when assessing the preconsolidation 

pressure of a soil. A modification of Casagrande's construction was extended for 

determining P V 

o 
6 "̂  
S 
•o 
"5 
> 

Log(a-Ua) • 

Figure 3.3 Construction procedure to determine the corrected swelling pressure 

incorporating the effect of sampling disturbance (modified from Fredlund 1987) 

In this method, the point of maximum curvature where the void ratio versus 

pressure curve bends downward onto the recompression branch is determined (Figure 

3.3). At the point of the maximum curvature, a horizontal line and a tangential line are 

drawn. The "corrected" swelling pressure is designated as the intersection of the 

bisector of the angle formed by these lines and a line parallel to the slope of the rebound 

curve which is placed in a position tangent to the loading curve (Fredlund and Rahardjo 

1993). 
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Table 3.3 Summary of oedometer tests methods 

Author Equation/Description Eqn. 

Fredlund (1983) 

AH=C W o g p : (3.19) 

H,: thickness of the ith layer; 

Pf( = Gy + Ady - uWf): final stress state; 

P \'. corrected swelling pressure; 

Cs\ swelling index; 

Gy\ total overburden pressure; 

AGy\ change in total stress; 

uwf. final pore-water pressure; 

e0: initial void ratio. 

Dhowian 

(1990) 

Cs Ps AH-H s log s 

\ + eQ PQ 

(3.20) 

Cs:swell index; 

Ps: swelling pressure; 

P0 : effective overburden pressure. 

Nelson & 

Miller (1992) 

AH = H—^-log(—) 
1 + e^ a' 

(3.21) 

Cp: heave index; 

&cv: swelling pressure from constant volume swell test; 

cff. vertical stress at the midpoint of the soil layer for the conditions under which 

heave is being computed. 

AH = H CH log 
Leo. 

(3.22) 

Nelson et al., 

(2006) 
CH = 

%S / 

log 
.WA 

(3.23) 

CH: heave index; 

&cv: swelling pressure from constant volume swell test; 

&vo\ vertical stress at the midpoint of the soil layer for the conditions under 

which heave is being computed. 
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Fredlund (1983) method has been tested to predict 1-D heave on Regina soil, and 

there is a good agreement between the estimated heave and the in-situ measured heave. 

More details of this case study are available in Yoshida et al. (1983) and Fredlund and 

Rahardjo (1993). Discussions in later chapters of this thesis show that Fredlund 

(1983) method provides better estimates of the measured heave values in comparison to 

other heave prediction techniques. However, the determination of the corrected 

swelling pressure, P y
s from laboratory tests is elaborate and time consuming. 

3.3,3 Soil suction methods 

The swelling pressure and the 1-D heave in expansive soils can be more reliably 

measured or calculated using soil suction methods as they are based on the information 

of the stress state (i.e., suction). In these methods, the influence of suction is taken into 

account through the use of different parameters. Several heave prediction formulations 

based on soil suction methods proposed by various researchers are summarized in this 

section. 

3.3.3.1 Hamberg & Nelson (1984) methods 

Hamberg and Nelson (1984) presented an approach (Eq.(3.41), see Table 3.3) 

that can be used to predict heave of expansive soils using the relationship between 

water content and volume change in the range of shrinkage limit to liquid limit. 

n n H. 
H=YAH.= YC — l-Aw 

t-> i ^ w\ + e 
i = \ i = \ ° 

where, Aw is the change in water content; 

The parameter, Cw in Eq.(3.42) represents the variation of volume of soil 

specimens with respect to water content (see Figure 3.4). 

where, Ae is the change in void ratio; and Aw is the change in water content. 
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The parameter, Cw can be obtained using the Clod test which is the modified form 

of COLE (coefficient of linear extensibility; Brasher et al. 1966) test. The COLE test is 

originally developed to determine the heave beneath airfield pavements (McKeen 

1981, McKeen and Hamberg 1981). 

The test procedure involves coating soil samples with a liquid resin (i.e., DOW 

Saran F310) that allows for volume measurements at different moisture conditions 

(Nelson and Miller 1992). Once the resin dries on the soil sample, it acts as a flexible 

membrane, containing the soil material with its natural soil fabric intact. The resin is 

essentially waterproof when exposed to liquid water for a short time, but it permits 

gradual water vapor flow to and from the sample. The volume of a soil sample of any 

shape may be determined by weighing the soil clod while it is submerged underwater 

on a balance. The reading of the balance, adjusted for the weight of the pan and water, is 

a direct measurement of buoyant force on the sample. Sample volume can then be 

determined by Archimedes' principle. 

In the original COLE procedure, each resin-coated sample was brought to 33 kPa 

suction in a pressure plate device. The sample volumes were determined at the initial 

adjusted moisture condition using the weighing procedure as described above. The 

samples were then oven dried for 48 hours, followed by another volume determination 

(Nelson and Miller 1992). 

A COLE value was defined as the normal strain that occurs from the moist to the 

dry condition, defined with reference to the dry dimension, as Eq.(3.24). (Grossman et 

al. 1968) 

I l 0 33 

COLE = LM~L° =^—1 = 
LD L 

Y 
1 dD 

Y 
, l dM 

•1 (3.24) 

where, Z^is the length of moist sample at 33 kPa suction; LD is the length of oven dried 

sample; J^M is the dry density of moist sample at 33 kPa suction; and ydD is the dry 

density of oven dried sample. 
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The basic difference between the CLOD test and the COLE test procedures is that 

in the CLOD test, volume changes are monitored along a gradually varying moisture 

change path. This results in a smooth shrinkage or swelling curve for each sample 

(Nelson and Miller 1992). The basic CLOD test procedure to develop a shrinkage curve 

is as follows: (i) coat a sample with resin according to the COLE procedure 

specifications and measure its volume; (ii) allow sample to dry slowly in air; (iii) when 

the sample reaches a constant weight under laboratory humidity, volume and weight 

measurements are taken; (iv) samples are oven dried for 48 hr and taken a final volume 

and weight measurement. 

Void ratio 

ef 

e, 

Shrinkage curve 
Sr<100% 

Shrinkage limit! 
Aw 

I 

Saturation line 

w0 wf 
Water content 

Figure 3.4 Water content versus void ratio relationship and the determination of 

suction modulus ratio, (^(modified after Hamberg 1985). 

The tests data provide void ratio and water content at various points. Void ratio 

and water content are both directly related to soil suction, thus the relationship between 

void ratio and water content expresses the effect of suction on void ratio. This 

relationship is valid only at water contents greater than the shrinkage limit; below the 

shrinkage limit, changes in water content are not accompanied by changes in volume, 
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by definition (Hamberg 1985). For silty clay soils, the Cw versus water content 

relationship shows linear behavior for the water content greater than shrinkage limit 

(Hamberg 1985; Figure 3.4). 

The limitations of Eq.(3.41) are: (i) the equation does not take into account the 

effect of applied load; and (ii) there are difficulties in estimating the Cw values for the 

water contents close to shrinkage limit due to the nonlinearity in that range. Table 3.4 

lists the other most commonly used soil suction methods. 

Table 3.4 Summary of soil suction methods. 

Author Equation/Description Eqn. 

J IT 

AH = CTs Int Au Ah (3.25) 
100 y 

AH:surface movement; 

Aitchison (1973) 7 " : i n s t a b l l i t y i n d e x o f t h e s o i l ; 

Au: change in suction, in pF units, at depth 

z below the ground surface; 

Ah: thickness of the soil layer under consideration; 

Hs: depth of the design suction change 

AH = -yhH log10 lhf lh\-YaH log10 [af -CJ{) (3.26) 

Lytton(1977) 
hf, h,:final and initial water potentials; 

Gf: applied octahedral normal stress; 

cr,:is the octahedral normal stress above which overburden pressure restricts 

volumetric expansion; 

Yh, Ycx -two constants characteristic of the soil. 

AH = H—?—\og 5? (3.27) 

1 + £Q hr+ Ct<J r 

CT=a Gs /(100B) (3.28) 

Johnson & log h0 = A - B w0 (3.29) 

Snethen(1978) 

H: the stratum thickness; 

CT: suction index; 

a: compressibility index; 

e0: initial void ratio; 

hf: final matric suction , kPa; 

Gf: final applied pressure, (overburden + external load), kPa; 45 



h0: matric suction without surcharge pressure, kPa 

AH = H —— (A-B W0)-log(r + a Gf) 
1 + eQ 

(3.30) 

CT=a Gs /100B (3.31) 

Snethen (1980) log rm = A - B w (3.32) 

Cr: suction index; 

rmf: final matric suction; 

Gf: final applied pressure (overburden + external load); 

a,: compressibility factor 

A, B: constants (y-intercept and slope of soil suction versus water content curve, 

respectively). 

AH = -yhH log V (3.33) 

AV I V-
?h 

log10 
7 

(3.34) 

AH = H Ch Arf s (3.35) 

McKeen 

(1980, 1992) 

Ch = (-0.02673 )(<//* / dw) - 0.38704 

/ = (l + 2* 0 ) / 3 

(3.36) 

(3.37) 

(3.38) s = \-0.0\(%SP) 

yh :suction compression index; 

hf ht: final and initial weighted suction, respectively. 

Av/v,: volume change with respect to initial volume. 

Ch: suction compression index, is the slope of volume change-soil suction curve; 

Zlris the suction change in/xF; 

/ i s the lateral restraint factor; 

K0 is the coefficient of earth pressure at rest, equal to 1; 

s is the coefficient for load effect on heave; 

SP is the percent of swell pressure applied. 
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Mitchell & 

Avalle (1984) 

AH = I t Au H 

J
Pt = 

ALIL Aw 

Au Aw 

Ipt: instability index; 

Au :soil suction change. 

(3.39) 

(3.40) 

AH = H-
CM 

1 + e 
-Aw (3.41) 

r = 
Ae 

Aw 
(3.42) 

Hamberg & 
c. Nelson (1984) AH = H — h — A log (h). 

\ + e l 

o 

Ch ~ Cw Dh 

Cw :suction modulus ratio; 

Aw: change in water content; 

Ch: suction index with respect to void ratio; 

Dh : suction index with respect to moisture content. 

(3.43) 

(3.44) 

Dhowian 

(1990) 

cw V; 
AH = H—f— log— l-

1 + eQ ij/ f 

aG 
C = '-

\00B 

aG 
AH = H -(w-w) 

AH = HCW (wf-wt) 

Cw=a Gs / ( l + e 0) 

Cw: suction index; 

y/,: initial suction; 

{//j: final suction; 

a,: volume compressibility factor 

B : slope of suction versus water content relationship; 

Gs: specific gravity of solid particles; 

Cw: moisture index 

(3.45) 

(3.46) 

(3.47) 

(3.48) 

(3.49) 

Fityus & Smith 

(1998) 
AH = H Iva(woi-wof) (3.50) 
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Iv =0.019- 0.034 log(o-v) (3.51) 

Iv: volume index; 

a: empirical factor accounting for confining stress differences in lab and field; 

w0, , w0f : average initial water content and the average final water content, 

respectively; 

GV : vertical stress at the midpoint of layer. 

3.4 Details of Heave Prediction Techniques 

Early swelling behavior studies were based on limited studies that focused on 

developing empirical relationships useful for explaining the local expansive soil 

behavior. Presently, oedometer tests methods (Table 3.3) and soil suction methods 

(Table 3.4) are more commonly used in engineering practice. Fredlund (1983) method 

and Hamberg and Nelson (1984) methods were discussed in greater detail in the earlier 

section. This section briefly provides the details of other heave prediction 

methodologies chronologically. 

3,4.1 Aitchison (1973) method 

This is probably the one of the earliest methods published in the literature that 

uses soil suction as a tool in the estimation of soil suction heave (Jaksa et al. 2009). This 

method was originally proposed for estimating heave in residential foundations built on 

expansive soils. The surface movement, AH can be estimated using the equation below 

(Eq.(3.25), see Table 3.4): 

100-
AH = s / , Au Ah 

— i Jo pt 

where, Iph the instability index of the soil, is defined as the percent vertical strain per 

unit change in suction; Au is the change in suction, in pF units, at depth z below the 

ground surface; Ah is the thickness of the soil layer under consideration; Hs is the depth 

of the design suction change. 
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The ratio of vertical strain to suction change was experimentally observed and 

defined as instability index, Ipt by Aitchison and Woodburn (1969), Aitchison (1970), 

and Lytton and Woodburn (1973). This index is equivalent to the suction index, Ca­

used by Snethen (1980) and Johnson (1979), or suction compression index, ft used by 

McKeen and Hamberg (1981). The Australian Standard for the design and construction 

of residential slabs and footing, AS 2870-1996 (Standards Australia 1996), specifies 

three methods for the estimation of Ipt: 

1) Laboratory tests. Three such tests are suggested: the shrink-swell test, AS 

1289.7.1.1 - 1992; the loaded shrinkage test, AS 1289.7.1.2 - 1992; and the core 

shrinkage test, AS 1289.7.1.3 - 1992 (Standards Australia 1992); 

2) Correlations between the shrinkage index Ipt and other clay index tests; 

3) Visual-tactile identification of the soil by an engineer or engineering geologist 

having appropriate expertise and local experience. 

The method of proposing and estimating the index, Ipt has been widely adopted 

throughout the geotechnical engineering community (Mitchell 1989; Fityus and Smith 

1998; Jaksa et al. 2009). The method 3) was named as visual-manual method (Mitchell, 

1989). This technique involves a visual inspection of the soil and manually moulding 

and kneading the soil in order to estimate its plasticity index (Jaksa et al. 2009). 

Mitchell (1979) presented an approximate relationship between Ip and Ipt which is often 

used in the visual-tactile method to estimated Ipt. This relationship for estimating Ipt will 

be shown in section 3.4.6, Mitchell and Avalle (1984) method. 

However, by its nature, the method is highly classifier-dependent (Jaksa et al. 

2009). In addition, the laboratory and in-situ tests performed to obtain the required 

parameters (i.e., Ipt> Au) for the approach are both time consuming, expensive and 

difficult. 
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3.4.2 Lytton (1977) method 

The method was proposed to calculate the heave and rate of heave of foundations 

resting on expansive soil deposits. The approach is based on few simple laboratory tests 

to determine the swell properties of the soil mass and some field observations of the 

shrinkage crack network. The ground surface heave experienced by an elemental 

volume of soil due to a change in water potential can be calculated using Eq.(3.26) (see 

Table 3.4): 

where, h/, ht are the final water potentials; Ofis the applied octahedral normal stress; <T, 

is the octahedral normal stress above which overburden pressure restricts volumetric 

expansion; and ftt YaSre two constants characteristic of the soil. 

The volumetric strain can be represented as Eq.(3.52): 

AV 
= ~Yh lo§io [hf'h, ) - ^ log10 (07 -<J) (3.52) 

The volumetric strains have the same design as the first term (i.e., -ftlogjofh/hj)). 

The contribution of the second term (i.e., -y(^ogio((Jf/Gl)), which was the contrary sign, 

is only considered with increasing depth until the strains become zero. 

3.4.3 Johnson and Snethen (1978) method 

Soil heave is induced by suction change within the active zone. When an 

expansive soil is wetted, its soil suction decreases and the soil volume increases. This 

concept was used as a tool in expressing the unit heave may be expressed as below 

(Eq.(3.27), see Table 3.4): 

C h 
AH = H-^-log ° 1 + e0 hf+ aaf 
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CT=aGJ(\OOB) 

\ogh0=A-B-w0 

where, H is the stratum thickness; CT is the suction index (Eq.(3.28)); a is the 

compressibility index; eo is the initial void ratio; /z/is the final matric suction , kPa; GJ 

is the final applied pressure (overburden + external load), kPa; and ho is the matric 

suction without surcharge pressure (Eq.(3.29)), kPa. 

The initial matric suction can be measured by thermocouple psychrometer or 

filter paper method. Soil suction measurements include preparing several undisturbed 

soil cubes and modifying the moisture contents of the samples to fit the range of field 

conditions of moisture variation (Snethen and Huang 1992). The resulting soil suction 

versus moisture content relationship is used to establish the required parameters. The 

parameters A and 5, and compressibility factor are determined from the plotted results 

of the soil suction test procedure. A is the soil suction value (logarithmic scale) at zero 

moisture content; B is the slope of soil suction versus moisture content curve. The 

compressibility index, a is the slope of specific volume, (l+e)/Gs, versus moisture 

content curve. The suction index, Cr, reflects the rate of change of void ratio with 

respect to soil suction. The initial soil suction, ho, is measured during suction testing 

and the final suction profile is assumed as one of four suggested by Snethen (1980): (i) 

zero throughout the depth of active zone; (ii) linearly increasing with depth through the 

active zone; (iii) saturated water content profile; (iv) constant at some equilibrium 

value. 

3.4.4 Snethen (1980) method 

This method uses soil suction data (Figure 3.5) to characterize the expansive soil: 

\ogrm= A-Bw (3.53) 

where, rm is the matric suction without surcharge pressure (i.e., atmospheric pressure) 
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(Eq.(3.53)). The slope of the line, B is determined by calculating the inverse of the 

change in water content over one cycle of the soil suction scale. The intercept, A is 

calculated by applying Eq.(3.32) at soil suction equal to 95.8 kN/m . 
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Figure 3.5 Soil suction versus water content relationships for Blue Hill Shale 

(Modified from Snethen 1980) 

The volume change and swelling pressure of an expansive clay stratum is 

estimated using the equation below (Eq.(3.30), see Table 3.4) and Eq.(3.54): 

C 
AH = H—*-[(A-Bw0)-log(r^+a cr,)] 

A ' ea 

\ogPs=A-(\WBeJGs) (3.54) 

CT=aGs/l00B 

where, Ct is the suction index (Eq.(3.31)); wo is the initial moisture content, percent; rmf 

is the final matric suction; a\s the compressibility factor; c^is the final applied pressure 

(overburden + external load); A, B is constants (y-intercept and slope of soil suction 

versus water content curve, respectively). 

The suction index, Ct reflects the rate of change of void ratio with respect to soil 
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suction. The laboratory data necessary to apply the equation include G5, eo9 A, B, wo, 

and a, all of which (expect Gs) can be determined in the soil suction test procedure 

(Snethen 1980). The remaining two variables, rm/and c^are functions of assumed depth 

of active zone and the assumed final soil suction profile. The compressibility factor, a 

for highly compressible clays (i.e., CH) is commonly set equal to one, because the 

voids of these soils are filled with water within a wide range of moisture contents 

(Snethen 1980). In the absence of measured data, the compressibility factor may be 

roughly estimated from the plasticity index, PI as: (i) PI<59 a=0; (ii) PI> 40, a= 1; 

(hi) 5 <PI< 40, a= 0.0275P/-0.125. 

The equation provides predictions of in-situ volume change of a soil stratum with 

respect to field conditions of soil composition, structure, initial and equilibrium 

moisture profiles, and confining pressures. 

3.4.5 McKeen (1980,1992) methods 

McKeen (1980, 1992) used the suction compression index yh introduced by 

Lytton (1977) as a tool to propose a heave prediction technique as shown below 

(Eq.(3.34), see Table 3.4): 

AV/V, 
7h~ hf 

h 

where, j% is suction compression index; hf, ht is final and initial weighted suction, 

respectively. Av/vt is the volume change with respect to initial volume. 

To study the volume change on expansive soil, a measure of the physical 

phenomena was needed to facilitate rating, classifying, and discussing various soils, j% 

was selected for this purpose. Selection of this index was based on: a suction-based 

approach to the problem was needed, and a volume-response coefficient was required 

for volume change studies. The suction compression index yn can be determined using 
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different testing methods. The required data are a measured volume change and a 

suction change over which the volume change occurred (McKeen 1980). These data 

must cover the range of moisture suction expected in the field environment. The 

measurements may take place in a 1-D oedometer or a 3-D configuration (i.e., 

unrestrained soil clods) (McKeen 1980). One test routinely used for this purpose is the 

COLE (coefficient of linear extensibility) used by the U.S. Department of Agriculture 

Soil Conservation Service. All procedures for determining yh require suction 

measurements. For convenience, the empirical relationships between this parameter 

and soil activity and cation exchange activity, or percentage of clay are established by 

statistical studies (McKeen and Nielsen 1978): 

For clay content is between 40% and 70% and high activity: 

rA= 0.00179C-0.041 (3.55) 

For clay content is between 25% and 70% and low activity: 

yh =0.00057C- 0.00057 (3.56) 

where, C = percent < 2 \xm (ASTM D422) 

Thus, McKeen (1980) method can be expressed as below (Eq.(3.33), see Table 3.4): 

AH = -yhH\og^-

McKeen (1992) method can be shown as below (Eq.(3.35)). 

AH = HCh Arfs 

Ch = (-0.02673)(<#* / dw) - 0.38704 

where, Ch, the suction compression index (Eq.(3.36)), is the slope of volume 

change-soil suction curve; Avis the suction change inpF;fis the lateral restraint factor 

(Eq. (3.37)): 
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/ = (l + 2* 0 ) /3 

Ko is the coefficient of earth pressure at rest, equal to 1; s is the coefficient for load 

effect on heave (Eq.(3.38)); 

s = \-0.0\(%SP) 

where, SP is the percent of swell pressure applied. 
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Figure 3.6 Determination of the suction compression index (modified from 

McKeen 1992). 
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McKeen (1981, 1985 and 1990) proposed a classification scheme by correlating 

the suction potential index, dh/dw and the suction compression index, Ch (Figure 3.6) 

using a database on Texas soils. In this correlation, a linear relationship is suggested 

such that 85% of the Ch values are larger than would be predicted by the relationship 

(Olsen et al. 2000). The required information includes suction potential, dh/dw, for 

which relatively simple suction and water content measurements are needed. This 

method provides a useful index for estimating the more fundamental suction 

compression index, which also requires the CLOD test (Olsen et al. 2000). McKeen 

(1992) further develops quantitative criteria for using both suction potential and suction 

compression index values to differentiate five categories of swell potential ranging 

from very high to non-expansive, as shown in Table 3.5. 

Table 3.5 McKeen's swell potential categories (Olsen et al. 2000) 

Category 

I 

II 

III 

IV 

V 

Swell Potential 

Very High 

(McKeen calls this category 

"Special Case") 

High 

Moderate 

Low 

Non-expansive 

Suction 

Potential 

dh/dw 

>-6 

-6 to-10 

-10 to-13 

-13 to-20 

<-20 

Suction Compression 

Index, Ch 

< -0.227 

-0.227 to-0.120 

-0.120 to-0.040 

-0.030 to non-expansive 

Non-expansive 

McKeen's suction potential, dh/dw and suction compression indices, Ch are 

obtained on undisturbed clods of soil and they are governed not only by the type and 

amount of clay in a soil, but also by the structure and pore-fluid chemistry of the soil, 

that result from its geologic origin and history (Olsen et al. 2000). 

3.4.6 Mitchell and Avalle (1984) method 

A simple and relatively quick method is presented to enable the prediction of 

expansive soil movements from soil suction changes. This method is assumed that 
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vertical strain of the expansive soil is linearly proportional to soil suction. Therefore, 

the ground heave can be expressed as Eq.(3.39) (see Table 3.4): 

AH = H Ipt Au 

where, Ipt is the instability index; Au is the soil suction change. 
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Figure 3.7 Determination of/^(modified from Mitchell and Avalle 1984). 
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The instability index Ipt is obtained from the core shrinkage test. It involves the 

measurement of the linear strain versus moisture content relationship, Sy/Aw, and the 

moisture characteristic c (c = Aw/Au), of unconfined undisturbed core samples (Figure 

3.7; Eq.(3.40)). Generally, the more clayey the soil, the higher is its moisture 

characteristic (Morris and Gray 1976, Mitchell 1979). Several soil specimens are 

required for obtaining information about different initial water contents. The specimens 

are air dried for a period of two days, during which the length and mass of the shrinkage 

core are measured frequently. It is then oven dried to obtain the moisture content. The 

moisture characteristic, c, can be determined directly through soil suction test using 

thermocouple psychrometer or the filter paper methods on companion specimens. The 

instability index, Ipt is calculated as the slope of linear dimension change versus 

moisture content, As^/Aw, times the moisture characteristic, c (Eq.(3.40)): 

Svert = AL/L Aw 

Au Aw Au 

u 0 10 20 30 40 50 60 70 80 90 100 
Plasticity Index {%) 

Figure 3.8 Relationship between instability index and plasticity index 

(Mitchell and Avalle 1984). 

58 



Mitchell and Avalle (1984) shows the core shrinkage tests results of 80 samples 

from 18 sites in South Australia and three samples from one site in Victoria, Australia 

in Figure 3.8. It seen that considerable scatter exists in the relationship between Ipt and 

Ip so that a simple relationship does not appear to exist; however, in generally, the 

higher Ip, the higher the Ipt. If the plasticity of a soil is assessed in a qualitative way (i.e. 

visual-tactile method), then from experience with a particular geological location, a 

reasonable accurate value of Ipt may be adopted without testing (Mitchell and Avalle 

1984). 

3.4.7 Hamberg and Nelson (1984) method: 

Heave is related to soil suction change and soil suction is dependent on the 

moisture content of the soil; therefore, heave may be predicted by measuring changes in 

moisture content. Hamberg and Nelson (1984) extended this philosophy and proposed a 

method to determine the heave of expansive soils using suction modulus ratio, Cw, 

(Eq.(3.42)) .The amount of heave can be calculated using (Eq.(3.41), see Table 3.4): 

AH = H-^Aw 
l + e0 

If the final soil suction profile is available instead of moisture content change profile 

(AHcan be calculated using the equation below Eq.(3.43), see Table 3.4): 

AH = H-^Alog(h) 

Cw=Ae/Aw 

Ch=CwDh 

where, Ch is the suction index with respect to void ratio (Eq.(3.44)); Dh is the suction 

index with respect to moisture content. 

Actual ground heave may be adjusted depending on the confinement situation: 
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A f f ^ / A / f (3.57) 

where, / is the correction factor, 0.33-1.0. 

3.4.8 Dhowian (1990) method 

Dhowian (1990) estimated heave of expansive shale formation based on soil 

suction change. The model described the field volume change where the anticipated 

heave is compared with direct measurement obtained from the field station. For the 

purpose of obtaining in-situ heave measurements, an instrumented field station was 

established in the central region of Saudi Arabia (Figure 3.9). Expansive shale 

predominates near the ground surface in this area. Undisturbed shale samples were 

obtained from the field and used for the improved oedometer tests (ISO) and the 

constant volume tests (CVS), and the swell overburden tests (OSO). The swell 

parameters obtained from results of oedometers tests are used to predict the anticipated 

field heaves using the following relationship (Eq.(3.20), see Table 3.3): 

C P 
AH = H—^-log=4 

l + *n Pn 
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Figure 3.9 Development of heave with time for different depth intervals 

(Dhowian 1990). 
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The method uses the same equation (Eq.(3.19)) as Fredlund (1983). Where, C5is the 

swell index; Ps is the swelling pressure; Po is the effective overburden pressure. 

Amongst the oedometer tests, ISO gave the highest swelling pressure value, OSO 

gave the least value, and the CVS is in between. The Cs value from OSO was 

significantly higher than ISO and CVS. The estimated heaves calculated from Eq. (3.20) 

using tests results from three types of oedometer tests are compared with the measured 

field heave values. The agreement between the predictions based on CVS tests and the 

field heave is quite well (Al-Shamrani and Dhowian 2002) (Figure 3.10). 

PREDICTED BY: 
# FREE SWELL TEST DATA ( I S O ) 

O SWELL PRESSURE TEST DATA(CVS) 

E 3 F 1 E L D MEASUREMENTS ( B . 1 . B 2) 

4 8 12 16 20 

CUMULATIVE HEAVE,mm xlO 

24 

Figure 3.10 Measured and predicted heave based on oedometer technique 

(Dhowian 1990). 

Apparently, the linearity (Figure 3.11) was between swell and log-suction for 

most homogeneous undisturbed shale samples tested under controlled conditions. Such 

a trend is analogous to the e-log P curve in the consolidation; hence, the suction method 

can be present in the equation as Eq.(3.45) (see Table 3.4): 

C 
AH = H-*-log(yft/vff) 

l + £n 
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where, C^is the suction index; y/t is the initial suction; ^ a n d is the final suction. 

Laboratory Tests Results 

Field Tests Results 

20 30 40 

Suction (kPaxlO3) 

50 60 

Figure 3.11 Suction during the course of swelling was measured in the field as well 

as in the laboratory (modified from Dhowian 1990). 

The suction index C¥ reflects the ratio of change of the void ratio and the soil 

suction and can be calculated by Eq.(3.46): 

C = * G ' 
¥ 1005 

where, a, the volume compressibility factor, is the slope of specific volume versus 

water content plots; B is the slope of suction versus water content change; and Gs is the 

specific gravity of solid particles. 

The equation tends to overestimate field heave considerably. The discrepancy 

between the predicted and measured heave may be attributed to the experimentally 

determined parameters a and B. For this purpose, the average change in soil suction 

and water content coupled with the average ultimate swell measured at the end of the 

observation period are back-calculated to obtain the parameters a and B. The values are 

presented in Table 3.6 with the laboratory data. The discrepancy between the field and 
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laboratory value of a is attributed to the measurement of volumetric swell rather than 

the vertical swell because of the lateral restraint in the oedometer chamber. Therefore, 

one third of the experimentally determined value is considered as the field value of a 

and substituted in the suction method. 

Table 3.6 Swell and suction parameters obtained from laboratory tests (Dhowian 

1990). 

Parameter 

tf(m3/KN) 

B 

r 
^^ if/ 

Clay Shale 

Lab Data 

0.090 

0.047 

0.517 

Field Data 

0.029 

0.051 

0.152 

Silty Shale 

0.085 

0.070 

0.327 

^ 0.75 

x 
z 

o 
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35 

Figure 3.12 Specific volume versus water content plot for clayey shale (modified 

from Dhowian 1990). 

The slope of the linear part (Figure 3.12) is defined as the compressibility factor 

a, hence 

Ae = a Gs (wf -wt) (3.58) 

where wit w/ are the initial and final moisture contents, respectively. The log-suction 
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versus swell relationship has been found out to be as 

A e ^ Q l o g ^ , / ^ ) (3.59) 

Thus, the relationship for Cw is equal to 

Cv,=aGi (wf-w,)/]aetof, lyff) (3.60) 

Using the suction method, the heave prediction can be showed as below (Eq.(3.47)): 

AH = H^Q-(wf-w,) 
l + ̂ o ' 

By introducing a term Cw, which is defined as the moisture index, the equation can be 

shown as below (Eq.(3.49)): 

Cw=aGJ(\ + eQ) 

AH = HCw(wf-wl) 

The equations above (Eq.(3.48)) indicate that heave is linearly proportional to the 

change in moisture content. It must be noted that in calculating Cw, the experimentally 

determined compressibility factor a is used instead of the field value. 

3.4.9 Nelson and Miller (1992) method: 

The method presented in Nelson and Miller (1992) used test results from both the 

consolidation-swell test and the constant volume test to determine the index parameter. 

The method uses the same equation (Eq.(3.19)) as Fredlund (1983). 

"Free-field" heave is the amount of heave that the ground surface will 

experience due to wetting of the sub-soils with no surface load applied. Because the 

surface load applied by slab-on-grade floors is relatively smaller in comparison to the 

swell pressure generated by an expansive soil, the heave of slabs is essentially the same 
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as the free-field heave (Chao 2007). The general equation for predicting heave using 

the oedometer methods can be presented as below (Eq.(3.21), see Table 3.3). 

Aff = J/—*-log(-f) 
1 + 0̂ 0"cv 

where, AH is the free field heave; Cp is the heave index (i.e., this index is equal to the 

corrected swelling index, Cs in Fredlund (1983) method); &cv is the swelling pressure 

from constant volume swell test; a/is the vertical stress at the midpoint of the soil layer 

for the conditions under which heave is being computed. 

3.4.10 Fityus and Smith (1998) method: 

The surface movement prediction presented in this method integrates volume 

changes which occur in sub-layers of soil over the depth of the active zone to give an 

estimate of the total movement at the ground surface. This method requires the 

information of change in gravimetric water content as a function of depth through the 

soil profile, as well as an appropriate index to relate moisture change directly to volume 

change. As the amount of volume change AH is affected by the confining stress of the 

overburden, a volume change index is used which takes this into account (Eq.(3.50), 

see Table 3.4). 

AH = HIva(w0l-w0f) 

Iv= 0.019- 0.034 log(o-v) 

where, Iv is the volume index (Eq.(3.51), Table 3.4); a is an empirical factor accounting 

for confining stress differences in lab and field; wot, wof is the average initial water 

content and the average final water content, respectively; av is the vertical stress at the 

midpoint of layer. 
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Figure 3.13 Estimation of the volume change index, Iv for Maryland clay 

(modified from Fityus and Smith 1998) 

The load dependent volume index, Iv was determined from a series of simple, one 

dimensional swell tests, in which a clay sample is allowed to swell under a vertical 

confining stress that was equal to the calculated vertical stress experienced under field 

conditions. The tests were conducted on Maryland clay. The approach described here is 

based on a number of assumptions (Fityus and Smith 1998): (i) it is assumed that a 

given change in water content will always correspond with the same change in strain (ii) 

it is assumed that the volume index, Iv determined from swelling clay tests can be 

employed to predict both swelling and shrinking behavior (iii) it is assumed that the 

difference between one and three dimensional volume changes can be reasonably 

accommodated using a factor, a, of 0.33. 

3.4.11 Nelson et al. (2006) method: 

Nelson et al. (2006) describes a methodology to determine heave using 

oedometer test data. An important constitutive parameter used in the method is the 

heave index, CH, which is the ratio of the percent swell observed in the oedometer test to 

the vertical stress applied to the sample when it was inundated (i.e., the inundation 

pressure). 
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When oedometer test data is plotted in a two dimensional format, the entire stress 

path is projected onto the plane defined by the (cr - ua) and £v axes. The 

consolidation-swell test data follows the projected path ABCF, whereas the constant 

volume test data follows the projected stress path ABD. Example test data is shown as 

below. The slope of the loading portion of the curve shown in the figure is the 

compression index Cc, and of the rebound portion of the curve is the rebound index C5. 

The volumetric strain experienced during inundation is the percent swell. 

CONSOLIDATION 
SWELL TEST DATA 

APPLIED STRESS, <T (LOG SCALE) 

Figure 3.14 Terminology and notation for oedometer tests (Nelson et al. 2006). 

Figure 3.15 shows the vertical overburden stress states at three different depths in 

a soil profile with similar soil throughout. At all points all samples are in a condition of 

zero lateral strain with a vertical overburden stress equal to &vo. If a 

consolidation-swell test is conducted on a sample identical to that at depth, ZA, at an 

inundation stress, (CT^A = (cfV0)A, the sample will swell by an amount %SA as shown in 

Figure 3.16. Similarly for a sample at depth Z#, the sample would be subjected to an 

inundation stress, (O^B = (p'vo)** a nd the sample would swell by an amount %SB. 
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Figure 3.15 Vertical overburden stress states at three different depths 

(Nelson et al. 2006). 

a o s B <JCSA 

Figure 3.16 Hypothetical oedometer test results for stress states shown in Figure 

3.11 (Nelson etal. 2006). 

The general equation for predicting heave or settlement in a soil stratum of 

thickness //can be shown as Eq (3.61): 

AH = H 
Ae 

(3.61) 

For uniform vertical strain throughout the stratum the strain is equal to: 
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e=-
Ae (3.62) 

Substituting Eq.(3.62) into Eq.(3.61): 

AH = H e.,= H %S (3.63) 

At any depth in the soil, the percent swell that will occur will fall along the line 

ABC. For all practical purposes that line can be defined by a straight line connecting 

point A (the point defined by the percent swell in a consolidation-swell test) and point C 

(the point corresponding to the constant volume swell pressure, cr^). The slope of that 

line is denoted by the heave index, CH which is shown as a relationship below (see 

Eq.(3.23)): 

cH=- %sA 

log 

If values of CH and &cv are known, the vertical strain, or percent swell, that will 

occur during inundation at any depth z in a soil profile can be determined from 

Eq.(3.23). Eq.(3.23) can be re-written as Eq.(3.64), when the soil at depth z is 

inundated, the stress on the soil is the overburden stress, (cfvo)z. This value is therefore 

used for the inundation stress, &t .in Eq.(3.64). 

(evl=%S = CH\og 
.(Or 

(3.64) 

Therefore, heave prediction can be shown as below (Eq.(3.22), see Table 3.4): 

AH = H CH log 
(Oz 

where, &cv is the swelling pressure from constant volume swell test; &vo is the vertical 
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stress at the midpoint of the soil layer for the conditions under which heave is being 

computed. 

Nelson et al. (1998, 2006) indicated that an accurate method to determine CH 

would require several consolidation-swell tests at different inundation pressures and a 

constant volume test. This is neither practical nor economical. Therefore, the 

relationship between &^ and o/was proposed so that the value of the heave index, CH 

can be determined from a single consolidation-swell test (Nelson et al. 2006). A 

relationship between cfcv and &cs exists that is of the form: 

*'CV=*'I+A(CT'CS-<T;) (3.65) 

This method for determination of the heave index is considered to be practical 

and rational but the actual value of A to be used for different soils should be investigated 

on a case by case basis. Generally, a value of A in the range of 0.5 to 0.7 may be 

reasonable. 

3.5 Summary 

Early research studies during the period from 1950's thru 1900's were based on 

limited studies that focused on developing empirical relationships but were found to be 

not universally valid but only useful for explaining the local expansive soil behavior. 

Aitchison (1973) was the earliest investigator who introduced the soil suction models 

introducing the concept of instability index (i.e., Ipt) for calculating moisture-related 

ground movements. This instability index, Ipt has been widely used by geotechnical 

researchers (Mitchell 1989, Fityus and Smith 1998, Jaksa et al. 2009). 

Several other techniques have been proposed using oedometer test methods or 

soil suction methods for estimating the surface heave in expansive soil with lightly 

loaded structures (see Table 3.4). Some techniques are based on stress state variables 

approach (i.e., Snethen (1980) method, Fredlund (1983) method) and others do not use 
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the stress state variables approach (i.e., Hamberg and Nelson (1984) method, Nelson 

and Miller (1992) method). However, in all these methods various parameters are 

required to estimate the 1-D heave from time consuming laboratory and/or in-situ tests. 

Most of the tests are expensive and difficult to be performed by conventional 

geotechnical engineers. There is a need to propose a 1-D heave prediction method that 

is much simpler, inexpensive to use that can be used universally on expansive soils 

from all regions of the region. To address this objective, a simple technique is proposed 

to estimate the 1-D heave in expansive soils which requires only the information of 

plasticity index, Ip and variation in water content with respect to depth in the active 

zone in the next chapter. 
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CHAPTER 4 

A SIMPLE TECHNIQUE FOR ESTIMATING THE 1-D 

HEAVE IN EXPANSIVE SOILS 

4.1 Introduction 

Several techniques available in the literature for estimating the 1-D heave in 

expansive soils with lightly loaded structures were discussed in Chapter 3. However, 

there are limitations in using these techniques because of one or more of the following 

reasons: 

i) these techniques are not universally valid as they are proposed using only 

limited soils data collected locally; 

ii) they do not use the stress state variables approach that provides a rational basis 

for interpretation; 

iii) the various parameters required in these approaches can only be obtained 

from time consuming laboratory or in-situ tests that are expensive and difficult to be 

performed. 

In this Chapter, a simple technique is proposed to estimate the 1-D heave in 

expansive soils which requires only the information of plasticity index, Ip and variation 

in water content with respect to depth in the active zone. The proposed simple 

technique is based on the approaches suggested by Fredlund (1983) and Hamberg and 

Nelson (1984). The proposed technique was tested on a case study results summarized 

by Yoshida et al. (1983) to check the validity. There was good agreement between the 

measured and the predicted 1-D heave for the case study using the proposed technique. 
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4.2 Background 

There are several procedures used in geotechnical engineering practice to 

estimate the swelling pressure and the 1-D heave in expansive soils. These techniques 

can be divided into three main categories based on: (i) empirical methods; (ii) 

oedometer test methods; and (iii) soil suction methods. 

Empirical methods use soil classification parameters such as Atterberg limits 

(Snethen et al. 1977), plasticity index and percent clay (Nayak and Christensen 1971), 

and percentage swell (Yoder and Witczak 1975). These methods are developed based 

on limited data collected locally. 

The oedometer test methods for estimating 1-D heave in expansive soils use 

swelling pressure as a tool (Fredlund and Rahardjo 1993). Depending on the loading 

procedures, several methods are developed such as the free swell tests, the overburden 

swell tests; and the constant volume swell (CVS) tests using conventional oedometer 

test methods. 

The soil suction methods are based on the information of the stress state (i.e. 

suction) and can be considered to be more reliable for measuring the swelling pressure 

and calculating the 1-D heave in expansive soils. In these methods, the influence of 

suction is taken into account through the use of different parameters such as suction 

modulus ratio, Cw (Hamberg 1985), suction index, C¥ (Johnson and Snethen 1978), 

instability index, Ipt (Mitchell adn Avalle 1984), swelling index, Cs and corrected 

pressure, P's (Fredlund 1983, Fredlund and Rahardjo, 1993), or suction compression 

index, Ch (McKeen 1992). 

Fredlund (1983) proposed an equation that can be used to calculate 1-D heave in 

expansive soils using the constant volume swell (CVS) oedometer test results. The two 

key parameters required in this technique are swelling index, Cs and initial stress state, 

Po. A realistic estimation of initial stress state, Po can be obtained based only on the 
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measurement of several indices taking account of the changes in void ratio due to both 

the net normal stress, (a- ua) and matric suction, (ua - uw). For the purpose of 

simplification, the initial stress state, Po may be assumed to be equal to the corrected 

swelling pressure, P 's. However, the determination of the corrected swelling pressure, 

P 's from laboratory test is still elaborate and time consuming. 

Hamberg and Nelson (1984) presented a different approach that can be used to 

predict 1-D heave in expansive soils using the relationship between water content and 

volume change in the range of shrinkage limit to liquid limit. This method is relatively 

simpler compared to Fredlund (1983) method; however, the influence of the in-situ 

stress state is not taken into account in this approach. 

A simple technique is proposed in this Chapter to estimate the 1-D heave in 

expansive soils for lightly loaded structures. The proposed technique is developed by 

combining both the Fredlund (1983) and Hamberg and Nelson (1984) approaches to 

derive a new relationship. Some of the limitations associated with both the approaches 

are alleviated in the proposed simple technique. 

4.3 1-D Heave Determination Methods 

4.3.1 Fredlund (1983) method 

Fredlund (1983) suggested that matric suction in an expansive soil specimen can 

be eliminated by immersing it in water. As a result, total stress changes in the specimen 

mainly reflect as the swelling behavior of the expansive soil. The CVS oedometer 

method can be used as a tool to simulate this behavior in a laboratory environment 

(ASTM D4546-2000). In this test, the specimen in the oedometer is inundated after the 

application of a token overburden pressure. The overburden pressure is increased 

restricting the swelling as the specimen tends to swell. The pressure at which no more 

swelling occurs is called the "uncorrected" swelling pressure. The specimen is then 

loaded and unloaded following the conventional consolidation testing procedures to 
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estimate the 'corrected swelling pressure' as shown in Figure 4.1(a) and (b). 

o 
6 
2 
•o 
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> 

Uncorrected 
swelling pressure, Corrected 
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Final stress state, F V S ^ r a , l e l ^ J v 
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Final stress conditions > 

Analysis stress path 

Swelling pressure 
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Matric suction, (ua- uw) 

(b) 

Figure 4.1 (a) Construction procedure to determine the corrected swelling 
pressure incorporating the effect of sampling disturbance (modified from 
Fredlund 1987) (b) Stress paths representing swelling of Regina soil (modified 
from Fredlund 1983). 

The procedure suggested by Fredlund (1987) to estimate the corrected swelling 

pressure involves the determination of compressibility of the apparatus from the actual 
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deformation measurements and also takes account of sampling disturbance extending 

the modified graphical method (Casagrande 1936). This procedure is based on the 

assumption that the in-situ soil suction is transferred onto the effective stress plane. 

The 1-D heave in expansive soils can be more reliably determined using Eq.(4.1) 

which incorporates the corrected swelling pressure, P V 

n n H. f P l 

where, Ht = thickness of the Uh layer, Pf (' = <jy + Aoy - uwf) = final stress state, P's
 = 

corrected swelling pressure, Cs = swelling index, ay = total overburden pressure, Aay = 

change in total stress, uwf = final pore-water pressure; and eo = initial void ratio. 

More details with respect to the determination of the corrected swelling pressure 

P 's and the 1-D heave calculations were discussed in Chapter 3 and are also available in 

Yoshida et al. (1983) and Fredlund and Rahardjo (1993). 

4.3.2 Hamberg and Nelson (1984) method 

Hamberg and Nelson (1984) proposed a method to determine the 1-D heave in 

expansive soils using suction modulus ratio, Cw as given below. 

i = l i = l 1 + e° 

where Ht = thickness of the Uh layer, Aw = change in water content; and eo = initial void 

ratio. 

The suction modulus ratio, Cw in Eq.(4.2) represents the variation of void ratio 

(i.e. volume in 1-D heave) of soil specimens with respect to water content (Eq.(4.3); 

Figure 4.2). 
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c = 
{ef~eo) 

Aw 
(4.3) 

where e0 and ef= initial and final void ratio of soils, respectively; and Aw = change in 

water content. 

The parameter, Cw can be obtained using the Clod test which is the modified form 

of COLE (coefficient of linear extensibility; Brasher et al. 1966) test. The COLE test is 

originally developed to determine the heave beneath airfield pavements (McKeen 

1981, McKeen and Hamberg 1981). For silty clay soils, the void ratio versus water 

content relationship shows linear behavior for the water contents greater than the 

shrinkage limit (Hamberg 1985; Figure 4.2). 

The limitations of Eq.(4.2) are: 

i) the equation does not take into account the effect of applied load, and 

ii) there are difficulties in estimating the Cw values for the water contents close to 

shrinkage limit due to the nonlinearity in that range. 

Void ratio 

Water content 

Figure 4.2 Procedure for determination of suction modulus ratio, Cw from 
water content versus void ratio relationship (modified after Hamberg 1985). 
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Figure 4.3 Idealized moisture boundary profile (Hamberg 1985). 

However, experience from several case studies results from the literature show 

that the typical variation of water content in field conditions is in the range which is 

above the shrinkage limit to plastic limit or slightly higher. Figure 4.3 shows the 

idealized moisture boundary profile for the Pierre shale, Fort Collins, Colorado 

(Hamberg 1985). As it can be seen, the possible variation of water content in field 

conditions can be in the range of shrinkage limit to plastic limit. 

4.3.3 The proposed technique 

The equation proposed by Fredlund (1983) (i.e. Eq.(4.1) to determine the 1-D 

heave in expansive soils can be rewritten as below. 

H- * I Pi \-n _A_i™ D -r JL l o g /y Aff = C , - ^ - l o g -£- = C , — ^ - l o g P , - C , 
l + e, l + en l + £n 

(4.4) 

The positive (i.e. first part) and negative (i.e. second part) of the equation (i.e. 

Eq.(4.4)) represent compression and heave due to overburden and swelling pressure, 
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respectively. In other words, the amount of heave calculated using the second part of 

Eq.(4.4) and Eq.(4.2) can be written as Eq.(4.5). 

Cs -^Mog(/>/) x C w A - A w (4.5) 

The above equation can be further simplified as 

r 
logP/oc-^Aw (4.6) 

A correction parameter, K can be introduced to rewrite the relationship shown in 

Eq.(4.7) as below: 

log(KP;) = ̂ Aw (4.7) 

An expression in terms of swelling pressure can be derived from Eq.(4.7). 

—Aw 

W s 

Substituting Eq.(4.8) into Eq.(4.4) yields 

H. , „ „ H, , 10 c ' 
AH = Ci-^\ogPJ-C—-h-log — — - (4.9) 

l + e0 (l + g0) A: 

In a simplified form, Eq.(4.9) can be written as below: 

—Mog ^ 
1 + en (^-AW) 

A// = Q — M o g — ^ — (4.10) 

"° 10c-

The derived Eq.(4.10) can be used for estimating the 1-D heave in natural expansive 

soils. The required information includes the swelling index, C5, the suction modulus 

ratio, Cw and the correction parameter, K. In the following section, empirical 

relationships that can be used to obtain the three parameters (i.e., Cw, Cs and K) are 
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provided. 

4.4 Simple Relationships for Estimating the Parameters CW9 Cs and K 

Relationships between Cw versus Ip and Cs versus Ip are developed using the 

published data on natural expansive soils from various regions of the world. 

The Cw versus Ip relationship in Figure 4.4 shows that Cw value can be 

approximated as a constant value of 0.024 for the Ip values greater than 30 % 

(Eq.(4.11)). Expansive soils typically have Ip values greater than 30%. 

O 
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_D 
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O 
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o 
o 
3 
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0.00 

Cw =0.024(forIP> 30) 

'o ! ! 
I° ! Cw = 0.024 for lp > 30 
J J . 1 -

• : 
I 
I 

(4.11) 
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Figure 4.4 Values of plasticity index, Ip and suction modulus ratio, Cw from 
several laboratory tests results (Data for generating this relationship is collected 
from several publications. These publications are summarized in the reference 
section). 

The relationship between the swelling index, Cs and the plasticity index, Ip using 

the published results from the literature is shown in Figure 4.5. The swelling index, Cs 

values were determined as per ASTM D4546-2000 using undisturbed samples 

collected from the zone of depth of zero to 2.5m of the sites, which is typically the 
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active zone in several regions of the world. In addition, the equipment compressibility 

and sampling disturbance correction was applied following the procedure suggested by 

Fredlund (1987) for determining the Cs values. The relationship shows that the swelling 

index, Cs value increases exponentially with increasing Ip (Eq.(4.12)). 

o 
CO 

C =0.0193e00343(^ ) 

0.20 

o 
x 
<D 

.E 0.10 |-

0.05 \-

0.00 

• Ching & Fredlund 1984 
A Nelson & Miller 1992 
• Vu & Fredlund 2004 
V Clifton etal. 1984 

d ^ _ U ^ ^ ^ ^ ^ . 
I 

I d b 
I 

• • • 

(4.12) 
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Figure 4.5 Relationship between the plasticity index, Ip and corrected swelling 
index, Cs from a several laboratory tests results. 

The relationship between the correction parameter, K and the water content 

change, Aw using the data from five case study results is shown in Figure 4.6. These 

case studies are from different regions of the world that include Canada, Sudan and 

U.S.A. (i.e., Fredlund 1969, Hamberg and Nelson 1984, Osman and Sharief 1987, 

Snethen and Huang 1992). Four of the above five case studies do not have the 

information of the swelling index, Cs (excluding Fredlund 1969). Therefore, the 

swelling index, Cs values were estimated using Eq.(4.12) based on their plasticity 

index, Ip values. 

The best-fitting equations shown in Figure 4.6 indicate that the correction 

parameter, K versus Aw relationships can be expressed as Eq.(4.13). 
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K = coe 0(Aw) (4.13) 

In addition, the best-fitting equation for all the five case studies (see Figure 4.6) 

show that the factor, 6 is independent of the type of soil. In other words, 6 value may 

be assumed to be constant with a value of 0.64 for various natural expansive soils with 

plasticity index, Ip values ranging 25 to 45%. Therefore, Eq.(4.13) can be rewritten as 

below. 

Kj =a>e 
0.64(Aw) (4.14) 
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Water content change, Aw 

15 

Figure 4.6 Relationship between correction parameter, K and water content 
change, Aw. 

Figure 4.7 shows the variation of the factor, co with the plasticity index, Ip of 

the soils. The factor, co increases nonlinearly with increasing Ip; the factor, co can be 

expressed as a function of Ip as shown in Eq.(4.15). 

a) = -0.00\Sln(IP) + 0.0l (4.15) 
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Equation (4.14) can be rewritten as Eq.(4.16) (hereafter referred to as Kj). 

K, =[-O.00lSIn(Ip) + 0.0l]e 0.64fAw; (4.16) 

The representative best-fitting equation for all the five case studies data is shown in 

Eq.(4.17) (hereafter referred to as Ku). 

£ =0.0039ea64(Al4;) (4.17) 

In the present study, both K\ and Ku were used to estimate the 1 -D heave of a case study. 
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A Snethen & Huang 1992 

co = -0.0018ln(lp)+0.01 
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Figure 4.7 Relationship between co and plasticity index, Ip. 

4.5 Analysis of the Proposed Technique Using a Case Study Results 

The validity of the proposed technique is tested using a case study results 

published by Yoshida et al. (1983). The average liquid limit, COL and plastic limit, cop of 

the expansive soil (i.e., Regina clay) are 77% and 33%, respectively with an average 

natural water content of 29%. Comparisons are provided between the measured heave 

and the estimated heave using the proposed method (using Kj and Ku) and the methods 

proposed by Fredlund (1983) and Hamberg and Nelson (1984). 
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4.5.1 Description of the site 

The site used in the present study is located in Saskatchewan, Canada (Yoshida et 

al. 1983), which has lightly loaded industrial building constructed on it. The 

undisturbed specimens used for the laboratory tests for measuring the corrected Cs 

values were obtained from the active zone (i.e. 0 to 2.3 m). 

The plasticity index, Ip of the specimen from the clay in the active zone of 0 to 

2.3m depth is 43%. Therefore, the value of co is estimated as 0.0032 using Eq.(4.15). 

The average value of the initial void ratio, eo for each layer is 0.962 (Yoshida et al. 

1983). The suction modulus ratio, Cw and the swelling index, Cs can be estimated to be 

0.024 and 0.084 using Eqs (4.11) (Figure 4.4) and (4.12) (Figure 4.5), respectively. 

The distribution of initial and final water content with depth along with the 

saturation water content (i.e. 100% degree of saturation) and the estimated initial soil 

water characteristic curve of Regina soil for the site are shown in Figure 4.8 and Figure 

4.9, respectively. The information of water content change, Aw is derived from Figure 

4.8 to calculate the correction parameter, K (i.e. Kj (Eq.(4.16)) and Ku (Eq.(4.17)). 

Water Content (%) 

10 15 20 25 30 35 40 45 
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0.5 

1.0 

? 
£ 1.5 
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Q 

2.0 
2.5 

3.0 

Figure 4.8 Variation of in situ water content with respect to the depth. (Yoshida 
et al. 1983) 
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Figure 4.9 Estimated initial wetting soil water characteristic curve of Regina soil. 
(Yoshida et al. 1983) 

4.5.2 Comparison between the measured and the estimated heaves 

The distribution of K (Kj) values with depth has been showed in Figure 4.10. 

Table 4. 1 and Figure 4.11 show the comparison between the measured and the 

estimated 1-D heaves using three different methods (i.e. Fredlund 1983, Hamberg and 

Nelson 1984 and the proposed method using Kj and Ku). The ratios of the estimated 

total heaves to the measured total heaves were estimated as 1.11, 2.13, 1.04 and 0.95 

using Fredlund (1983), Hamberg and Nelson (1984) and the proposed method (using Kj 

and Ku), respectively. 

The results of the analysis show that Hamberg and Nelson (1984) method 

overestimates the 1-D heave of the case study. This may be attributed to ignoring the 

effect of overburden pressure as explained in Section 4.3. On the other hand, the 

calculated heaves using Fredlund (1983) and the proposed technique in the present 

study show good agreement with the measured total heaves. 
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Figure 4.10 Distribution of AT values with depth. 

Table 4. 1 Summary of the case study data and the comparison between the 
measured and the estimated heave using different methods. 

Depth (m) 

0.15 

0.45 

0.75 

1.05 

1.35 

1.65 

1.95 

2.25 

Total 

EM/MH* 

Fredlund (1983) 

(mm) 

26 

22 

19 

16 

14 

11 

8 

2 

118 

1.11 

Hamberg & Nelson (1984) 

(mm) 

39 

46 

40 

33 

21 

20 

16 

11 

226 

2.13 

Proposed (Kj) 

mm 

11 

19 

16 

15 

14 

12 

12 

11 

110 

1.04 

Proposed (Kn) 

mm 

11 

18 

15 

14 

12 

11 

10 

10 

101 

0.95 

* Estimated heave (EH)/ Measured heave (MH); Measured heave (MH) = 106 mm 

The estimated heave is close to the measured heave using the parameter, Kj in 

comparison to Kn. In other words, the total heave can be more reliably estimated when 

the plasticity index, Ip values of the expansive soil at the site. However, heave 

comparisons were reasonable using the parameter, Kjj (i.e. co = 0.0039). 

The technique proposed in this Chapter is simple and needs only the information 
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of plasticity index, Ip and the variation of water content with respect to depth in the 

active zone, whereas the parameters required for Fredlund (1983) method are elaborate 

and hence time consuming and expensive. 

Heave (mm) 
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Figure 4.11 Measured and estimated heave using different methods. 

4.6 Summary and Conclusion 

Several methods available in the literature for estimating the 1-D heave were 

discussed in Chapter 3. Of the various methods available, the 1-D heave in natural 

expansive soils with lightly loaded structures is commonly determined using the 

methods proposed by Fredlund (1983) or Hamberg and Nelson (1984). However, 

determination of the parameters required for using Fredlund (1983) method is 

expensive and time-consuming. The Hamberg and Nelson (1984) method is relatively 

easier but it does not take into account of the effect of overburden pressure and hence 

may over estimate the heave. A simple technique is proposed in this Chapter to estimate 

the 1-D heave in natural expansive soils by deriving a new relationship from Fredlund 

(1983) and Hamberg and Nelson (1984) methods alleviating some of the limitations of 

both these methods. The proposed technique was tested on case study results of Regina 
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clay (Yoshida et al. 1983). The results of the study presented in this paper show that the 

proposed method can be used reliably in estimating the 1-D heave. The proposed 

technique is simple and needs only the information of plasticity index, Ip and the 

variation of natural water content with respect to depth in the active zone of natural 

expansive soils. 
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CHAPTER 5 

CASE STUDIES ANALYSIS 

5.1 Introduction 

A simple technique was proposed in Chapter 4 to estimate the 1-D heave in natural 

expansive soils by deriving a new relationship from Fredlund (1983) and Hamberg and 

Nelson (1984) methods. The proposed equation for estimating the 1-D heave requires 

three parameters; namely, the corrected swelling index, Cs the suction modulus ratio, Cw 

and a parameter, K which is a function of water content and plasticity index, Ip. The 

parameters Cs and Cw are well known to the conventional geotechnical engineers, which 

can be determined from laboratory tests. However, these tests are time consuming and 

need extensive laboratory testing methods and hence expensive. Therefore, empirical 

equations were proposed between the corrected swelling index, Cs versus the plasticity 

index, IP and suction modulus, Cw versus plasticity index IP using the published data on 

natural expansive soils from various regions of the world. The parameter, K is related to 

the water content change, Aw with respect to depth in the active zone. A relationship has 

been proposed between the correction parameter, K and the water content change, Aw 

using five case study results published in the literature (i.e., Fredlund 1969, Hamberg and 

Nelson 1984, Osman and Sharief 1987, and Snethen and Huang 1992). In addition, the 

correction parameter K, was expressed in two different forms; namely, Ki method (which 

is a function of plasticity index, Ip) and Kn method (which is an empirical relationship 

derived from the results of the five case studies data). 

In Chapter 4, the proposed technique was tested on a case study of Regina clay 

(i.e., Yoshida et al. 1983). Reasonably good comparisons were obtained between the 

measured and the estimated 1-D heaves using three different methods (i.e., Fredlund 

1983, and using two different methods of the proposed technique (i.e., K\ method and Ku 
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method). The ratios of the estimated total heaves to the measured total heaves were equal 

to 1.11, 1.04 and 0.95 using Fredlund (1983) and the proposed technique (using Ki and 

£//methods), respectively. 

In this chapter, 13 case studies results from different regions of the world which 

include Australia, Canada, Chile, Saudi Arabia, Sudan, United States, and Yugoslavia 

published in the literature are summarized and the proposed technique was used for 

estimating the 1-D heave of expansive soils. Also, comparisons are provided between the 

measured and estimated 1-D heave using the proposed method. There is a good 

comparison between the measured and estimated 1-D heave for 8 of the 13 case studies. 

The differences in the measured and estimated heave values for these case studies were 

less than 30%, which is reasonable. The estimate heave for all these case studies was 

greater than the measured heave. Therefore, the proposed technique is conservative from 

an engineering practice point of view. Reasons associated with the differences between 

the measured and estimated heave for the remainder of the five case studies are 

discussed. 

5.2 Review of the Proposed Technique for Estimating 1-D Heave 

The Fredlund (1983) method uses the changes in void ratios corresponding to the 

initial and final stress states and the corrected swelling index Cs in the calculation of the 

total 1-D heave in expansive soils. The following equations can be used for the 

calculation of total heave: 

GJ e = - ^ - - l (5.1) 

rd 

Ae = ef-e0=-Cs\og-±- (5.2) 
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AH = H-^- (5.3) 
l + e0 

The change in void ratio (Eq.(5.2)) can be rewritten by incorporating the soil 

properties and the stress states to derive the Fredlund (1983) method as given: 

^^JUg^} (5.4) 

where: H= thickness of the soil layer, Pf(=<jy + Aay - uwf) = final stress state, P, = initial 

stress state, which is equivalent to the corrected swelling pressure P'S9 Cs = corrected 

swelling index, <jy = total overburden pressure, A<jy = change in total stress, uwf = final 

pore-water pressure, e/= final void ratio, and eo = initial void ratio. 

Hamberg and Nelson (1984) proposed a method to determine the 1-D heave in 

expansive soils using suction modulus ratio, Cw as given below: 

AH = C-^-Aw (5.5) 
1 l + en 

(ef~eo) 
C M = - ^ ^ = Ae I Aw (5.6) 

Aw 

A simple technique was proposed by deriving a relationship from Fredlund (1983) 

and Hamberg and Nelson (1984) methods as given below: 

H, . KP, 
• — ' - l o g — c 1 

l + e„ (~^) 
AH = Ci-^\og—7+- (5.7) 

0 10c-

The equation requires values of the final stress state P/, water content change Aw, 

suction modulus ratio Cw and the corrected swelling index, C5. Chapter 4 provides the 

details of the derivation for Eq. (5.6). 
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In expansive soils, the initial water content and the water content change control 

the amount of swell in expansive soils (Chen, 1975). The information about the change in 

water content Aw9 can be obtained from the field investigation studies. Some of the case 

studies results published in the literature were analyzed using heave prediction techniques 

that do not require the field water content information (i.e., Snethen 1980, Fredlund 

1983). Due to this reason, the change in water content distribution with respect to depth 

was not available. However, the water content change was calculated using Eq.(5.8) 

(Fredlund and Rahardjo 1993). 

Aw = Sf Ae/Gs+e0AS/Gs (5.8) 

And, the final water content can be obtained from Eq.(5.9) 

wf = w0 +Aw (5.9) 

where, Gs = specific gravity, S/= final assumed degree of saturation, 5,- = initial degree of 

saturation, AS = change in degree of saturation, Aw = water content change. The 

estimated 1-D heave will be maximum possible value if the final assumed degree of 

saturation Sf= 100%. 

The suction modulus ratio, Cw can be measured from laboratory Clod tests; for silty 

clay soils, the void ratio versus water content relationship shows linear behavior for the 

water contents greater than the shrinkage limit (Hamberg 1985). Other clayey and 

expansive soils also show similar behavior (Tripathy et al. 2002). However, a value of 

0.024 can be used for soils with plasticity index, Ip values greater than 30 (Eq.(5.10)). 

More discussions about the Cw values were discussed in Chapter 4. Typically expansive 

soils have Ip values greater than 30%. 

Cw= 0.024 7p>30% (5.10) 

The corrected swelling index, Cs value can be measured using the procedures 
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detailed by Fredlund (1983) from 1-D Constant Volume Swell (CVS) oedometer test. The 

determination of the swelling index, Cs value is time consuming and requires elaborate 

testing equipment and also needs different corrections that include swelling pressure, 

compressibility of the apparatus, and sampling disturbance. A simple empirical 

relationship shown in Eq. (5.11) was proposed for estimating the corrected swelling 

index, Cs from the plasticity index, IP value (Eq.(5.11)) alleviating the time consuming 

and extensive testing techniques. 

C ^ O . O ^ e 0 0 3 4 3 ^ (5.11) 

Two empirical relationships have been proposed for estimation of correction 

parameter, K using five case study results (see Chapter 4 for more details). The first one 

is the Kj method (Eq.(5.12)) and the second one is the Ku method (Eq.(5.13)); The 

parameter Kj varies with the changes of plasticity index, Ip and water content change, Aw; 

however Kn is a relationship which is a function of Aw. 

K, =[-0.00l8ln(Ip) + 0.0l]e064(Aw) (5.12) 

Kn=0.0039e0M(Aw) (5.13) 

The proposed technique needs only the information of dry unit weight, 

Yd, plasticity index, Ip and the variation of natural water content with respect to the depth 

in the active zone of natural expansive soils. These soil properties and can be easily 

obtained from conventional geotechnical tests. 

5.3 Summary of Five Case Studies Measured and Estimated 1-D Heave 

Results 

Relationships for estimation of the corrected swelling index, Cs and the parameters 
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Ki and Ku for using the proposed technique were developed from the soil properties of 

the five case studies. These relationships were discussed in greater detail in Chapter 4 and 

are briefly summarized in this Chapter. These five case studies results are summarized 

and comparisons are provided between the measured heave and estimated 1-D heave 

using the proposed technique in this Chapter. 

5.3.1 Case Study A (Fredlund 1969) 

Hamilton (1965, 1968) studied the swelling behavior of expansive soil beneath an 

industrial building in Regina, Saskatchewan. The swelling in the building was due to the 

flooding associated with a break in the water line which occurred during the summer of 

1962. Several investigations were undertaken to study the swelling of the building slab 

floor. These investigations included conducting 1-D consolidation and swelling tests on 

samples collected from three different depths below the concrete slab floor of the 

industrial building. In addition, ground movement gauges were also installed at three 

depths and precise elevation readings were measured over a period of time. The 

investigations studies were summarized in Fredlund (1969). The measured 1-D heave of 

the industrial building was equal to 84 mm. 

The heave calculated using Eq. (5.3) was equal to 151mm (Fredlund 1969). The 

values required for performing the calculation include Cs and P 's which were measured 

from CVS tests. The ratio between the calculated heave and the measured heave was 

equal to 1.79. 

The initial water content at the site for three different depths was available. 

However, the final water content was not available. The water content change is 

calculated by using Eq.(5.2) and Eq.(5.8). The final degree of saturation, S/ was assumed 

to be equal to 1. The initial and final water content distribution with respect to depth is 

shown in Figure 5.1. 

The 1-D heave for this case study was estimated using the proposed technique, 

following the two methods (i.e., Ki and Kn). The average plasticity index, IP of the 
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Regina soil in the active zone depth was equal to 42%. The suction modulus ratio, Cw and 

the corrected swelling index, Cs were estimated to be equal to 0.024 and 0.094 by using 

Eq.(5.10) and Eq.(5.11), respectively. The estimated heave values using the Kj and Kn 

methods were respectively 110mm and 103mm respectively. The ratios of estimated 

heave to the measured heaves using these two methods were equal to 1.32 and 1.23 

respectively. 
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Figure 5.1 Water content variation with respect to depth for the Case study A 
(modified after Fredlund 1969) 

Table 5.1 Summary of the measured and estimated values for Case study A 

Depth 
(m) 

0.73 
1.40 
2.26 

Aw 
% 

3.10 
6.99 
4.58 

e0 

0.859 
0.983 
0.975 

Measured 
/",(kPa) 

442 
335 
81 

Measured 
Cs 

0.094 
0.085 
0.096 

Kj 

0.0032 
0.0029 
0.0038 

Kn 

0.0046 
0.0039 
0.0053 

Ratio 
Fredlund ( 1969) e r a t ̂ st method: 

Proposed 
Technique 

I (mm) 

110 

1.27 

Proposed 
Technique 

II (mm) 

103 

1.17 

Measured 
Heave 
(mm) 

84 

-
151 mm 

For this case study, 1-D heave were also estimated from the Ki and Kn methods 

using the measured Cs (i.e., 0.094). The estimated heave value with the proposed 

technique using the Ki and Ku methods were 107mm and 98mm respectively. The ratios 

of the estimated heave to measured heave values using these two methods (i.e., Kj and Ku 

95 



methods) were equal to 1.27 and 1.17. 

The reasons associated with the estimated heave values slightly higher than the 

measured values may be attributed in part to the assumption that the soil is saturated 

when the heave measurements were made. However, such an assumption may not be 

valid as the entire active zone depth of the expansive soil may not be in a state of 

saturated condition. In addition, the differences may also be attributed to the assumed 

value of C5. 

5.3.2 Case Study B (Hamberg and Nelson 1984) 

The field test site located in Fort Collins, Colorado was used by the U.S. Colorado 

Army Waterways Experiment Station to study 1-D heave behavior of expansive soil. This 

region has a cool and semi-arid climate. The changes in water content were measured and 

1-D heave data were monitored on lightly loaded plastic barriers on grade at the site. 

Water content measurements were obtained using nuclear moisture gauges. Elevation and 

water content readings were taken for a period of twenty months (Miller et al. 1995). The 

initial and final water content variations with respect to depth are shown in Figure 5.2. 
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Figure 5.2 Water content variation with respect to depth for the Case study B 
(Hamberg and Nelson 1984) 
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The average plasticity index, Ip of the test site with Pierre Shale in the active zone 

is 28%. The measured suction modulus ratio, Cw from Clod test and the estimated suction 

modulus ratio, Cw using Eq.(5.10) were 0.016 and 0.024, respectively. The estimated Cs 

value is equal to 0.05 (Eq.(5.11)). The average dry unit weight is 19.62kN/m3. Table 5.2 

summarizes the measured and the estimated heave using the two methods of the proposed 

technique (i.e., X/and Kn methods) and the Hamberg and Nelson (1984) method. The 

ratio of estimated heave to measured heave values using the Kj and Ku methods and the 

Hamberg and Nelson (1984) method were 1.29, 1.2 and 1.6 respectively. 

Table 5.2 Summary and comparison between the estimated heave by using different 
methods (Case study B) 

Depth (m) 

0.305 
0.610 
0.915 
1.220 
1.525 
1.830 
2.135 
2.440 
2.745 

Aw% 

17.1 
7.9 
6.4 
5.0 
4.0 
2.8 
1 

2.1 
0 

e0 

1.19 
0.98 
0.98 
0.86 
0.78 
0.78 
0.79 
0.83 
0.82 

K, 

2.4086 
0.0982 
0.0518 
0.0273 
0.0144 
0.0144 
0.0076 
0.0144 
0.0040 

KH 

2.3471 
0.0957 
0.0505 
0.0266 
0.0140 
0.0140 
0.0074 
0.0140 
0.0039 

Ratio 

Proposed 
Technique 

I (mm) 

93 

1.29 

Proposed 
Technique 

II (mm) 

92 

1.28 

Measured 
Heave 
(mm) 

72 

-
Hamberg and Nelson (1984) soil suction method: 116mm 

For this case study, 1-D heave were also estimated from the Kj and Ku methods 

using the measured Cw (i.e., 0.016). The estimated heave value with the proposed 

technique using the Ki and Ku methods were 87mm and 88mm respectively. The ratios of 

the estimated heave to measured heave values using these two methods (i.e., K\ and Ku 

methods) were equal to 1.21 and 1.23. This case study proves that using the measured Cw 

provides better results than using the estimated Cw. 

5.3.3 Case Study C & D (Osman and Sharief 1987) 

Osman and Sharief (1987) measured heave values at two different locations on 

expansive soil deposits in Sudan. The properties of the subsoil conditions were measured 

by collecting soil samples from boreholes at the two test sites and testing them in the 
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laboratory. Field data collected include soil surface movements and water content 

distributions with depths after long term flooding of both the sites. 
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D (modified from Osman & Sharief 1987) 
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The measured heave values at the sites were 142mm and 150mm, respectively. The 

initial and final water content distributions along with depth are shown in Figure 5.3(a) 

and Figure 5.3(b), respectively. 

The average plasticity index, IP of the soil samples collected in the active zone for 

the two different sites studied were 35% and 34%, respectively. The suction modulus 

ratio, Cw is 0.024 for the two sites using Eq.(5.10). The estimated corrected swelling 

index, Cs for the two sites (i.e., C and D) were respectively 0.064 and 0.062 using 

Eq.(5.11), respectively. The total stresses have been provided for both the sites by Osman 

and Sharief (1987). 

Osman and Sharief (1987) used oedometer tests (i.e., swell overburden load test, 

CVS test and free swell test) results to estimate the 1-D heave. The estimated maximum 

heave by Osman and Sharief (1987) for both the sites are 295mm. Using the Ki and Ku 

methods of the proposed technique, the ratios (i.e., estimated heave to measured heave) 

for the case study C are 1.08, 1.11; and for the case study D are 1.03, 1.06, respectively. 

Table 5.3 Summary and comparison between the estimated heave and measured 
heave (Case study C) 

Depth (m) 

1 
2 
3 

Aw% 

13 
6 
1 

Pf(kPa) 

18 
38 
56 

Kj 

11.2688 
0.1277 
0.0052 

Ku 

16.0101 
0.1814 
0.0074 

Ratio 
Osman and Sharief (1987) oedometer method: 

Proposed 
Technique 

I (mm) 

154 

1.08 

Proposed 
Technique 

II (mm) 

157 

1.11 

Measured 
Heave 
(mm) 

142 

-
295mm 

Table 5.4 Summary and comparison between the estimated heave and measured 
heave (Case study D) 

Depth (m) 

1 
2 
3 

Aw% 

11 
6 
2 

Pf(kPa) 

17.5 
38 
56 

Kj 

3.2258 
0.1315 
0.0107 

Kn 

4.4514 
0.1814 
0.0140 

Ratio 
Osman and Sharief (1987) oedometer method: 

Proposed 
Technique 

I (mm) 

155 

1.03 

Proposed 
Technique 

II (mm) 

159 

1.06 

Measured 
Heave 
(mm) 

150 

-
295mm 
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5.3.4 Case Study E (Snethen and Huang 1992) 

The case study results summarized in this section were based on the studies from 

Snethen and Huang (1992) on a test site near Wynnewood, Oklahoma City. The climate 

in this region is classified as moist sub-humid to dry sub-humid. Undisturbed soil 

samples were collected from five continuously sampled borings within a 1 m radius to a 

depth of approximately 4 m. The soil samples were collected to obtain reliable initial 

natural water conditions. The soil at the site is a tan and reddish brown, moderate to high 

plasticity clay. The ground water table was observed to be at a depth of 3m from site 

investigation studies. The measured heave was equal to 180mm. 

Snethen and Huang (1992) used soil suction method to estimate 1-D heave. More 

details about this method have been discussed in Chapter 3 (Table 3.4). The initial soil 

suction at the test site was estimated using filter paper technique (ASTM D5298, 2003). 

Snethen (1980) stated that, Russam (1961, 1965), Richards (1976), and Johnson (1976, 

1977, 1978) have all prepared the guidelines for estimating final suction profiles. The 

recommended guidelines can be summarized as four assumptions: (/) suction increases 

linearly with depth in the active zone, (if) final soil suction was assumed based on 

saturated water content profile; (Hi) final soil suction is constant at some equilibrium 

value; and (iv) soil suction equal to zero throughout the depth of active zone. Assumption 

(/) requires a hydrostatic relationship with zero soil suction at ground surface and 

increasing with depth to the actual profile value at the depth of active zone. Assumption 

(///) requires that the final soil suction file be a constant value through the depth of active 

zone. Assumption (iv) requires that in the final soil suction profile, the soil suction is zero 

over the entire depth of active zone. These three assumptions (i.e., (i), (ii) and (iv) are not 

realistic with respect field behavior observations and are not useful in the prediction or 

estimation of the 1-D swell. Assumption (if) requires the information of saturated water 

content to estimate the final suction value; this is probably the most realistic and practical 

approach for estimating potential heave since it involves measured physical properties of 

the soils rather than assumed relationships (Snethen 1980). 
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Therefore, the assumption (if) was used and the estimated heave based on this 

assumption was equal to 157mm using Snethen and Johnson (1978) method. The ratio 

between the estimated heave and measured heave was equal to 0.87. 

The information related to the initial and final water content were not available in 

Snethen and Huang (1992); however, the soil suction change, Au for assumption (//), and 

the ratio (water content change to soil suction change, Aw/Au) for each soil layer were 

available. These details are summarized in Table 5.5. The water content change, Aw 

were back calculated from this information and summarized (Table 5.5, Column 4). 

Table 5.5 Soil properties from Wynnewood site (Snethen and Huang 1992) 
Depth 

(m) 

0.5 

1 

1.5 

2 

2.5 

Soil suction change Au 
(pF) (kPa) 

4.29 

4.24 

4.63 

4.78 

4.30 

1899 

1716 

4159 

5941 

1956 

Water content change(%) / 
Soil suction change (pF) 

2.8 

4.44 

3.66 

4.78 

3.47 

Water content change 
Aw (%) 

12 

19.65 

16.94 

22.86 

14.92 

Table 5.6 Summary and comparison between the estimated heave by using different 
methods (Case study E) 

Depth (m) 

0.5 
1 

1.5 
2 

2.3 

e0 

0.600 
0.546 
0.479 
0.438 
0.485 

Pf(k?a) 

4.5 
12.9 
21.1 
29. 

38.0 

Kj 

8.0227 
1073.07 

189.4026 
8372.23 
51.9912 

KJJ 

8.4420 
1129.15 

199.3020 
8809.81 
54.7086 

Ratio 

Proposed 
Technique 

I (mm) 

290 

1.61 

Proposed 
Technique 

II (mm) 

291 

1.62 

Measured 
Heave 
(mm) 

180 

-
Snethen and Johnson (1978) method: 157mm 

Snethen and Huang (1992) provided the details of final stresses at the test site. The 

maximum plasticity index, IP determined from the soil samples in the active zone is 33%. 

The estimated suction modulus ratio, Cw using Eq.(5.10) is 0.024. The estimated 

corrected swelling index, Cs is equal to 0.06 by using Eq.(5.11). The estimated 1-D heave 

using the Kj and Ku methods of the proposed technique are summarized in Table 5.6. The 
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ratio of estimated heave to measured heave values using Kj and Ku methods were 1.61 

and 1.62 respectively. The reason for high ratios may be attributed to the technique used 

in estimating the water content change, Aw, which was derived from the suction data 

obtained from filter paper method. 

In expansive soils, even small changes water content from their natural conditions 

contribute to detrimental swelling (Chen, 1975). In the proposed technique, the water 

content change values were back calculated from the assumed soil suction changes and 

are approximate values (see Table 5.5). The discussions demonstrated that the proposed 

method is highly sensitive to water content measurements and care should be observed 

towards obtaining these values for reliable estimation of the 1-D heave. 

5.3.5 Summary of five case studies results 

The five case studies summarized are from three different countries (i.e., Canada, 

Sudan and U.S.A.). There are several other methods available to calculate the 1-D heave 

in expansive soils (Snethen and Johnson 1978, Fredlund 1983, Hamberg and Nelson 

1984). The two key properties that required for providing comparisons between the 

measured and estimated 1-D heave using the different methods are the Cw and Cs. 

The Fredlund (1983) method requires corrected swelling index, Cs and corrected 

swelling pressure, P's to calculate 1-D heave. Both these properties can be measured from 

CVS tests. Although Cs can be estimated by using Eq.(5.11), Fredlund (1983) method can 

not be used for providing comparisons between the estimated and measured heave values 

without the information of measured P's. Measured data with respect to corrected 

swelling index value, Cs from the CVS test was available only for one case study 

(Fredlund 1969). Hamberg and Nelson (1984) were the only investigators who measured 

the suction modulus ratio, Cw measured from Clod test. The values of Cw and Cs were 

estimated using Eq.(5.10) and Eq.(5.11) when the information was not available. 

Comparisons between the measured and the estimated 1-D heaves using the 

different methods (i.e., Hamberg and Nelson 1984 and the proposed technique (using Kj 
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Reference 

Site Location 

Case study 

Measured Heave (mm) 

Hamberg & Nelson (1984) 
Method (mm) 

Estimated Heave by Author 
(mm) 

Proposed Technique I 
(using K{) (mm) 

Proposed Technique II 
(using Kn) (mm) 

Estimated Cs 

Estimated Cw 

Ratio I 

Ratio II 

Fredlund 
(1969) 

Regina 
Canada 

A 

84 

134 

151 

110 

103 

0.082 

0.024 

1.32 

1.23 

Hamberg & 
Nelson (1984) 

Colorado 
U.S.A. 

B 

72 

116 

116 

93 

92 

0.05 

0.024 

1.29 

1.28 

Osman & 
Sharief(1987) 

Sudan 

C 

142 

238 

295 

154 

157 

0.064 

0.024 

1.08 

1.11 

Osman & 
Sharief(1987) 

Sudan 

D 

150 

250 

295 

155 

159 

0.062 

0.024 

1.03 

1.06 

Snethen & 
Huang (1992) 

Wynnewood 
U.S.A. 

E 

180 

613 

2157 

290 

291 

0.06 

0.024 

1.61 

1.62 
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Figure 5.4 provides the summary and comparison between the five case studies 

using the proposed technique (using Ki and Kn methods). Significant differences between 

the measured and estimated values of 1-D heave for the case study E (i.e., Snethen and 

Huang 1992) may be attributed to the indirect method of obtaining water content 

change Aw, which was derived from the suction data obtained from filter paper method. 

Figure 5.5 provides summary of measured and estimated heave using the proposed 

technique (using Kj and Kn methods) and Hamberg and Nelson (1984) methods for four 

case study results (i.e., A, B, C and D). The proposed technique provides reasonable 

results for all the four case studies. The case studies (i.e., B, C and D) for which the water 

content variation with respect to depth data were available directly from field 

investigation studies provided excellent comparisons between the measured and 

estimated heave values. Hamberg and Nelson (1984) method overestimates the 1-D heave 

for all the five case studies. This may be attributed to ignoring the effect of overburden 

pressure as explained in Chapter 4 (Section 4.3). 

The estimated heave to the measured values using the proposed technique (i.e. 

using K/ and Kn methods) is greater than unity for all the case studies, which is 

conservative from engineering practice. The differences between the measured and 

estimated heave is less than 30% which are reasonable as the approach is not overly 

conservative. The results of one case study E (i.e., Snethen and Huang 1992) are however 

higher (Table 5.7). The reasons associated with such a behavior were already discussed 

earlier in a different section. 

5.4 Summary of Other Case Studies Results and Analysis 

The results of the five case studies (Table 5.7) suggest that the proposed method is 

both simple and reliable to use. The estimated heave values however are highly sensitive 

to water content change readings. In this section, data obtained from eight more case 

studies from the literature are summarized and comparison between the in-situ measured 
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surface heave and the estimated 1- D heave using the proposed technique are provided. 

The soil properties of these case studies were not used in deriving the empirical 

relationships. In other words, these are independent case studies. The objective of using 

these additional case studies is to check the validity and to understand the limitations of 

the proposed technique. 

5 A 1 Case Study F (Snethen 1980) 

The study area of this case study was located in Hayes, Kansas. Kansas's 

continental climate is highly changeable. The overall annual precipitation for the state 

falls between April and September. A group of eight field sites were monitored for a 

period of two years to collect data of 1-D heave. The initial field water content 

distribution was also measured along the depth of active zone which was approximately 

2.5 m. Snethen (1980) summarized the key factors that influenced the field heave 

behavior as climate, drainage, and vegetation. 

The average liquid limit, coL and plastic limit, cop of the expansive soil are 80% and 

25%, respectively. The average dry unit weight and plasticity index, IP of the expansive 

clay in the active zone were 16.82 kN/m3 and 55% respectively. The overburden pressure 

at midpoint of each of the four soil layers in the active zone at different depth levels of 

0.73m, 1.10m, 1.68m and 2.44m were provided in Snethen (1980) as 4.5kPa, 20.38kPa, 

30.03kPa and 46.12kPa, respectively The suction modulus ratio, Cw and the corrected 

swelling index, Cs details were not available. These values are estimated to be 0.024 and 

0.127 by using Eq.(5.10) and Eq.(5.11), respectively. 

The measured maximum heave for this site was 165mm from field monitoring 

results. Snethen (1980) used soil suction technique (see Chapter 3, Eq.(3.30) and 

Eq.(3.32)) to calculate the 1-D heave for this site as 206mm (see Table 5.9). The initial 

water content variation with respect to depth was in situ measured at four different depths 

in the active zone from 0 to 2.5 m (i.e., 0.73m, 1.10m, 1.68m and 2.44m). The final soil 

suction was assumed by Snethen (1980) and shown in Table 5.8. As discussed earlier in 
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case study E, the final soil suction distribution was assumed based on an assumption; 

namely, the saturated water content profile. 

Nine soil samples from the test site were used for obtaining soil suction 

measurement using thermocouple psychrometers. Eq.(5.14) was estimated by the soil 

suction tests results. 

\ogrm=A-Bw (5.14) 

where, rm (tsf) is the matric suction without surcharge pressure (i.e., atmospheric 

pressure); A, B are constants; w is the measured water content,%. 

The final soil suction assumption requires that the saturated water content be used 

in Eq.(5.13) to estimated the final soil suction values (Snethen 1980). Therefore, for 

using the proposed technique, the final water content was back-calculated from Eq.(5.14) 

as the values of the parameters A, B and the estimated final soil suction are available in 

Snethen (1980) (see Table 5.8). 

Table 5.8 Final water content calculation using soil suction data 
Assumed final soil suction 

(tsf) (kPa) 

3.1 

1.9 

2.3 

8.6 

297 

182 

220 

824 

A 

5.107 

5.107 

5.107 

6.195 

B 

0.1786 

0.1786 

0.1786 

0.2439 

Calculated final water content 
(%) 

25.8 

27.3 

26.6 

21.6 

The distribution of initial and estimated final water content with depth for the site 

(Figure 5.6) are used to obtain the water content change along with depth in the site. 

Comparisons are provided between the measured heave and proposed technique (using Kj 

and Kn methods) (Table 5.9). 

The proposed technique I & II (Eq.(5.12) and Eq.(5.13)) have been used to predict 

the maximum 1-D heave. The ratios (i.e., estimated heave using proposed method / and 
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II) I measured heave) are 1.24 and 1.07, respectively. As demonstrated earlier, the 

proposed method is highly sensitive to water content measurements. The differences 

between measured heave and estimated heave may be attributed to the estimated values 

of final water content. 

Water Content (%) 

20 21 22 23 24 25 26 27 28 
0.0 

0.5 

% 1.0 

2.0 

2.5 

Figure 5.6 Distribution of in-situ moisture content with depth. 

Table 5.9 Summary and comparison between the measured and estimated heave 
using different methods. 

Depth (m) 

0.73 
1.10 
1.68 
2.44 

Aw% 

027 
0 

0.52 
0.47 

e0 

0.629 
0.745 
0.613 
0.589 

Kj 

0.0032 
0.0029 
0.0044 
0.0038 

Ku 

0.0046 
0.0039 
0.0054 
0.0053 

Ratio 

Proposed 
Technique 

I (mm) 

205 

1.24 

Proposed 
Technique 

II (mm) 

177 

1.07 

Measured 
Heave 
(mm) 

165 

-
Snethen (1980) soil suction method: 206 mm 

5.4.2 Case Study G (Yoshida et al. 1983) 

The proposed technique was tested on case study results of Regina clay (Yoshida et 

al. 1983). The details of this case study were summarized in Chapter 4. The distribution 

of initial and final water content with depth is shown in Figure 5.7. Table 5.10 shows the 

comparison between the measured and the estimated 1-D heaves using different methods. 
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The results of the study show that the proposed method can be used reliably in estimating 

the 1-D heave. The ratios of the estimated total heaves to the measured total heaves are 

1.04 and 0.95 using the proposed technique (using K\ and Kn), respectively. 

Water Content (%) 

10 15 20 25 30 35 40 45 
0.0 

0.5 

1.0 
? 
£ 1.5 
Q. 
0) 
O 

2.0 

2.5 

3.0 

Figure 5.7 Variation of in situ water content with respect to the depth. 
(Yoshida et al. 1983) 

Table 5.10 Summary of the case study data and the comparison between the 
measured and the estimated heave 

Depth (m) 

0.15 
0.45 
0.75 
1.05 
1.35 
1.65 
1.95 
2.25 

Aw% 

21.3 
12.6 
10.8 
8.9 
5.8 
5.4 
4.4 
2.9 

e0 

0.962 
0.962 
0.962 
0.962 
0.962 
0.962 
0.962 
0.962 

Kj 

2694.321 
9.9881 
3.3149 
0.9636 
0.1305 
0.1306 
0.0544 
0.0208 

Kn 

3253.366 
12.0606 
4.0027 
1.1636 
0.1573 
0.1251 
0.0657 
0.0251 

Ratio 

Proposed 
Technique 

I (mm) 

110 

1.04 

Proposed 
Technique 

II (mm) 

101 

0.95 

Measured 
Heave 
(mm) 

106 

-
Fredlund (1983) method: 118 mm 

5.4.3 Case Study H (Dhowian et al. 1987) 

The tests site is located in Al-Ghatt (Middle region) of Saudi Arabia. The general 

conditions are dry and hot; most of rain falling is between January and May. The study 
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area has clay shale or silty shale deposits that are expansive in nature. An instrumented 

field station was established to investigate 1-D heave behavior of these deposits. A 

saturation system was installed at the site to provide access to water. In-situ water content 

measurements were made through a nuclear device. The expansive soil was wetted 

through the sand drains for a period of 54 weeks. Measurements of water content, soil 

suction, and heave were taken throughout this period. The maximum heave measured 

directly from this instrumented field station was 200 mm. The depth of the active zone in 

this deposit was estimated as 6m. The properties of the typical expansive soils in Al-

Ghatt are listed in Table 5.11. 

Table 5.11 Soil properties of soils in Al-Ghatt site 
Physical properties 
Dry unit weight, yd 

Liquid limit, eoL 

Plastic limit, coP 

Plasticity index, IP 

Specific gravity, Gs 

Clay Shale 
18.5 
65 
30 
35 

2.78 

Silty Shale 
18.5 
46 
21 
25 
2.7 
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Figure 5.8 Distribution of in-situ moisture content with depth. 

The distribution of initial and final water content with depth for the site measured 

by Dhowian et al. (1987) is shown in Figure 5.8. According to the information of water 

content change, Aw, which is derived from Figure 5.8, correction parameter K can be 
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calculated. The active zone of this site has been divided into 6 layers with the information 

of water content distribution. The site contains both the clay shale (CH, Ip = 35%) and 

the silty shale (CL, Ip=25%). The soil properties of clay shale, which has higher tendency 

swell, were used for estimating 1-D heave of the site. 

The suction modulus ratio, Cw and the average corrected swelling index, Cs in the 

active zone were estimated to be 0.024 (Eq.5.9) and 0.064 (Eq.5.10), respectively. 

Comparisons between the measured heave and the estimated heave for each soil layers 

are provided using the proposed methods (by using K\ and Kn) in Table 5.12. 

Table 5.12 Comparison between the measured and the estimated heave of the Case 
study H using the proposed technique . 

Depth (m) 

1 
2 
3 
4 
5 
6 

Aw% 

10.1 
7 
9 

9.2 
16.3 
6.8 

e0 

0.4317 
0.4317 
0.4317 
0.4742 
0.4742 
0.4742 

Kj 

0.0648 
0.0466 
0.0641 
0.0246 
0.0068 
0.0068 

KH 

0.0505 
0.0505 
0.0695 
0.0260 
0.0074 
0.0074 

Ratio 

Proposed 
Technique 

I (mm) 

280 

1.40 

Proposed 
Technique 11 

(mm) 

275 

1.38 

Measured 
Heave 
(mm) 

200 

-
Dhowian (1990) CVS oedometer test method: 200 mm 

5.4.4 Case Study I (Maksimovic and Tonkovic 1987) 

The studied site is located in Middle East area close to the junction point of Syria, 

Iraq and Turkey. Dry season from June to September with maximum daily temperature in 

July and August; it is one of the main reasons for expansive clay activity. The high 

swelling potential of soils in this region had been reported in many previous literature 

studies (i.e. Donaldson 1969). 

The maximum vertical movement of the free ground surface due to seasonal 

changes in water content was measured to be 150mm. The results of the data summarized 

however are based on soil investigation studies conducted only over a time period of four 

months. Maksimovic and Tonkovic (1987) reported that the swelling problem requires 

continuous soil investigations and monitoring of data at least for a period of one year; 
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however, it preferable to extend these studies for several years. Therefore, the reported 

heave (i.e., 150 mm) may not be the maximum heave value for this site. Two bore holes 

were drilled for monitoring the soil water content and active zone variation. The water 

content in the site is mainly associated with infiltration activity related to rainfall. The 

maximum depth of the active zone is about 9 to 12 meters. The final stress was 

considered to equal to overburden pressure. 
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Figure 5.9 Distribution of in-situ moisture content with depth. 

Table 5.13 Summary and comparison between the measured and the predicted 
heave of case study. 

Depth (m) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Aw% 

6.91 
6.29 
5.25 

5 
3.67 
2.63 
2.57 

2 
1.72 

e0 

0.524 
0.603 
0.601 
0.566 
0.578 
0.524 
0.609 
0.656 
0.477 

Kj 

0.3230 
0.2172 
0.1116 
0.0951 
0.0406 
0.0209 
0.0201 
0.0139 
0.0117 

Kn 

0.3249 
0.2185 
0.1123 
0.0957 
0.0408 
0.0210 
0.0202 
0.0140 
0.0117 

Ratio 

Proposed 
Technique 

I (mm) 

166 

1.11 

Proposed 
Technique 

II (mm) 

164 

1.09 

Measured 
Heave 
(mm) 

150 

-
Maksimovic and Tonkovic (1987) swelling potential method: 150 mm 
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The liquid limit, coL is in the range of 50% to 70% within the top 5 meters and 

increases to about 100% to 120% for depth values greater than 5 meters. The maximum 

plasticity index, IP of the specimen from the clay in the active zone is 40%. The average 

dry unit weight is 17.52 kN/m3. The suction modulus ratio, Cw and the corrected swelling 

index, Cs in the active zone were estimated to be 0.024 (Eq.5.9) and 0.08 (Eq.5.10), 

respectively. The distribution of initial and final water content with depth for the site is 

shown in Figure 5.9, and Aw is derived from this figure. 

Comparisons between the measured heave and the estimated heave using the 

proposed technique (using K\ and Kn methods) are provided in Table 5.13. The estimated 

heave obtained by using the proposed technique is 166 mm and 164 mm respectively 

using the Kj and Kn methods. All the data required for using both these methods were 

available for this case study; therefore, the estimated heave values were in close 

agreement with the in-situ measured heave. 

5.4.5 Case Study J (Retamal et al. 1987) 

The La-Dehesa site studied by Retamal et al. 1987 is located on the basin of 

Santiago, Chile. The climate is warm tempered, and the rainfall and snow fall normally 

are between May and August. The test site was built excavating the surface soil in a 

depth of 0.15m and then building the control points formed by a concrete block poured in 

place and a steel point; after installing the control point, the surface was covered with a 

polyethylene membrane (Retamal et al. 1987). The final stress for the test sites was 

considered to be equal to the overburden pressure only (i.e., no surcharge loading). The 

water content variation monitored from May, 1986 to April, 1987 (1 year) could be 

attributed only to rainfall (climatic effect). The maximum vertical movements observed 

for the site was 70mm; but the residual expansion was not observed (Retamal et al. 

1987). Therefore, the reported heave was not the maximum heave value for this site. 

The depth of the active zone is about 2 m. The liquid limit, coL and average plastic 

limit, cop of the expansive soil (i.e. dark brown clay) are 46-67% and 20%, respectively. 
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The average plasticity index, IP of the clay in the active zone is 45%. The average dry 

unit weight is 16.25kN/m3. The suction modulus ratio, Cw and the corrected swelling 

index, Cs were estimated to be 0.024 (Eq.5.9) and 0.097 (Eq.5.10), respectively. The 

distribution of initial and final water content with depth for the site is shown in Figure 

5.10. Comparisons are provided between the measured heave and the estimated heave 

using the proposed technique (using Kj and Ku methods) in Table 5.14. 

Water Content (%) 
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Figure 5.10 Distribution of in-situ moisture content with depth (La-Dehesa 
site). 

The 1-D heave prediction is dependent on the measured water content distribution 

and time allowed for swell (see Chapter 2: section 2.3.4 for more details). The water 

content distribution for this site was available at only three different levels (i.e., 0.70m, 

1.45m and 2.50m) over a depth of 2.5m. The variation of water content over the other 

depths had to be approximated. In addition, Retamal et al. (1987) stated that there was 

residual expansion but not observed in the test site; in other words, the observation time 

was inadequate and the heave provided (i.e., 70mm) is not the maximum heave in the 

studied site. This may be the reasons that the proposed technique shows overestimated 

results, and the heave estimation by using proposed technique is 1.30 - 1.43 times more 

than the maximum observed heave. 

L— 

f 
L— 

—r 

u_ 

i 
i 
i 
i 
i 
i 
i 
i 
i 
i 
1 

i 

Case Study J 
Retamal et al. 

i 

i 
^ i 
\ i 

\ i 
\ i 

\ i 
\ i 

\ i 

\ 
i - )^ 

• 
o 
• 

i 

__L 

1|987 

i / 
i / 
i / 

V 

Initial water content 
Final water content I 

• ! 
i \ i 
i \ i - I - - V — I -
I N ! 

\ 

! / ! 

/ ! 
y- r 1 

1 i 
' i 

i i 1 _ J J 1 

114 



Table 5.14 Summary and comparison between the measured and the predicted 
heave of case study (La-Dehesa site). 

Depth (m) 

0.70 
1.45 
2.50 

Aw% 

14.5 
20 
4 

e0 

0.56 
0.64 
0.66 

Kj 

32.912 
1523.495 

0.038 

Kn 

41.814 
1412.648 

0.047 
Ratio 

Proposed 
Technique 

I (mm) 

100 

1.43 

Proposed 
Technique 

II (mm) 

91 

1.30 

Measured 
Heave 
(mm) 

70 

-
Retamal et al. (1987) estimated heave: Unavailable 

5.4.6 Case Study K (Nelson and Miller 1992) 

The site is located in Fort Collins, Colorado. Colorado has a cool and semi-arid 

climate. The depth of the active zone was estimated to be equal to 1.8 m. The water 

content data was collected over several seasons (i.e., 596 days) after a floor slab had been 

placed on the ground surface. The nuclear moisture probes were used for measuring in-

situ water content distribution over a depth of 1.8 m. The measured heave was equal to 

82mm. The final stress was estimated to be equal to 6.37 kPa, 12.74 kPa, 19.11 kPa, 

25.48 kPa, 31.85 kPa and 38.22 kPa for each soil layer at different depth levels of 0.3m, 

0.6m, 0.9m 1.2m, 1.5m and 1.8m respectively. The predicted heave, which is equal to 

110mm, has been provided in Nelson and Miller (1992). 

The average liquid limit, a>i and plastic limit, cop of the expansive soil (i.e., Pierre 

shale) is 50% and 22%, respectively. The plasticity index, IP of the specimen from the 

clay in the active zone is 28%. The average dry unit weight is 19.62 kN/m3. The 

measured suction modulus ratio, Cw is 0.019 (from Nelson and Miller 1992). The suction 

modulus ratio, Cw and the corrected swelling index, Cs in the active zone can be estimated 

to be 0.024 and 0.05 as well by using Eq.(5.10) and Eq.(5.11), respectively. The 

distribution of initial and final water content with depth for the site is shown in Figure 

5.11. Comparisons are provided between the measured heave and the estimated heave 

using the proposed technique (using Kj and Kn) in Table 5.15. Though the proposed 

technique (using Kj and Ku) have overestimated heave in this site, this is a valuable case 

study to test the limitation of the proposed technique. 
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Figure 5.11 Idealized moisture boundary profile for the Pierre shale, Fort 
Collins (modified from Hamberg 1985). 

Table 5.15 Summary of comparison between the measured and the predicted heave 
of case study. 

Depth (m) 

0.3 
0.6 
0.9 
1.2 
1.5 
1.8 

Aw% 

10.1 
8.2 
6.4 
4.6 
2.7 
0.9 

e0 

0.9 
0.8 
0.7 
0.6 

0.55 
0.5 

Kj 

2.5678 
0.7611 
0.2405 
0.0760 
0.0225 
0.0071 

Kn 

2.5023 
0.7417 
0.2344 
0.0741 
0.0220 
0.0069 

Ratio 

Proposed 
Technique 

I (mm) 

116 

1.42 

Proposed 
Technique 

II (mm) 

117 

1.43 

Measured 
Heave 
(mm 

82 

-
Nelson and Miller (1992) soil suction method: 110mm 

It should be noticed that, in the proposed approach, the suction modulus ratio, Cw is 

estimated to 0.024 while the plasticity index, Ip of the soil is higher than 30%. In this case 

study, the plasticity index Ip of the soil in the site is equal to 28%. Hence, it is not 

appropriate to use the estimated Cw (i.e., 0.024). By using this measured Cw value (i.e., 

0.019), the estimated heave using the proposed technique is 88 mm and 89 mm 
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respectively by Kt and Kn methods, respectively. The differences may be attributed to 

using the estimated value of Cw This case proves that, using the measured value of Cw 

provides more reasonable results than using the estimated value. 

5.4.7 Case Studies L & M (Fityus et al. 2004) 

The test site, which is called Maryland site, is established in Newcastle, Australia 

to measure the long-term (i.e., 7 years) behavior of 1-D heave of the regional expansive 

soils in both open and covered areas. The region has a temperate, near coastal climate 

with an annual rainfall typically between 1000 and 1200 mm per year. The open area test 

site facilities the measurement of free field heave while the covered area (with a 

surcharge of approximate 3kPa) provides valuable data to understand the differences 1-D 

heave characteristics in comparison to open area. 

The test field site was extensively instrumented and data was collected over a long 

period of time. The instrumentation includes 154 surface movement indicators, 28 

subsurface movement indicators, 9 neutron probe for in-situ measurement of soil water 

content and 6 in-situ filter paper devices for measurement of soil suction. Probably, this is 

the most well instrumented test site reported in the literature for measurement of 1-D 

heave. In spite of all the care, it was reported that the authors had difficulties in collecting 

reliable data sometimes due to instrumentations problems. The predicted ground 

movement by using Fityus and Smith (1998) method (see Chapter 3, section 3.4.10) for 

the open area is 41mm, which is an underestimation of the measured value (i.e., 75mm) 

(Fityus et al. 2004). 

The depth of the active zones for the open area and cover area are approximately 

1.5 m and 0.5 m, respectively. The liquid limit, CDL and plastic limit, cop of the expansive 

soil (i.e. Maryland clay) are 70% and 25%, respectively. The plasticity index, Ip of the 

specimen from the clay in the active zone is 45%. The average dry unit weight is 15.52 

kN/m3. The suction modulus ratio, Cw and the corrected swelling index, Cs can be 

estimated to be 0.024 and 0.09 by using Eq.(5.10) and Eq.(5.11), respectively. The 
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distribution of initial and final water content with depth for open and covered areas of the 

test sites are shown in Figure 5.12 and Figure 5.13, respectively. Comparisons between 

the measured heave and the estimated heave using the proposed technique (using Ki and 

Kn methods) are summarized in tables 5.15 and 5.16, respectively. 

Water Content (%) 

Figure 5.12 Distribution of in-situ moisture content with depth (open area). 

Water Content (%) 

Figure 5.13 Distribution of in-situ moisture content with depth (cover area). 

There is an excellent comparison between the measured 1-D heave and the 
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estimated values for the covered area (see Table 5.16); however, there are significant 

differences for open area test site. Fityus et al. 2004 summarized that the neutron probes 

used in open area has proven to be an effective means for long-term monitoring of in-situ 

water content changes. However, the extraction of absolute water content data from 

neutron probe counts has proven to be problematic. Further, the shrinkage cracks 

extended from the ground surface down to the subsurface in the open area. While the first 

reason of problems associated with collection of water content using neutron probe has 

been of some concern; however, measurements of water contents in the zone of shrinkage 

cracks were a challenge. These two factors may have contributed to some errors in the 

data collection of water content distribution with respect to depth in open area. Due to 

this reason, there are differences between the estimates of the 1-D heave using the 

proposed technique in comparison to the measured values for the open area test site. 

Table 5.16 Summary and comparison between the measured and the predicted 
heave (open area). 

Depth (m) 

0.25 
0.50 
0.75 
1.00 
1.25 
1.50 

Aw% 

11.89 
8.1 
7 

6.59 
4.16 
1.01 

e0 

0.69 
0.69 
0.69 
0.69 
0.69 
0.69 

Kj 

6.3510 
0.5616 
0.2778 
0.2137 
0.0451 
0.0061 

Kn 

7.8681 
0.6957 
0.3441 
0.2647 
0.0559 
0.0074 

Ratio 

Proposed 
Technique 

I (mm) 

101 

1.35 

Proposed 
Technique 

II (mm) 

109 

1.45 

Measured 
Heave 
(mm 

75 

-
Fityus and Smith (1998) method: 41 mm 

Table 5.17 Summary and comparison between the measured and the predicted 
heave (covered area). 

Depth (m) 

0.1 
0.2 
0.3 
0.4 
0.5 

Aw% 

5.2 
2.7 
1.5 
0.6 
0.1 

e0 

0.794 
0.794 
0.794 
0.794 
0.794 

Kj 

0.0878 
0.0177 
0.0082 
0.0046 
0.0034 

Kn 

0.1087 
0.0220 
0.0102 
0.0057 
0.0042 

Ratio 

Proposed 
Technique 

I (mm) 

40 

1.14 

Proposed 
Technique 

II (mm) 

38 

1.09 

Measured 
Heave 
(mm 

35 

-
Fityus and Smith (1998) method: 41mm 
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5.5 Summary and Comparison 

Table 5.17 summarizes the key details with respect to the measured 1-D heave and 

estimated heave values using the proposed technique (i.e., Kj and Kn methods) for the 13 

different case studies analyzed in the Chapter. The estimated heave to the measured 

values using the proposed technique (i.e. using X/and Kn methods) is greater than unity 

for all the case studies. 

120 



Case Study 

Reference 

Site Location 

Plasticity Index (%) 

Measured Heave (mm) 

Proposed Technique I (mm) 

Proposed Technique II (mm) 

Ratio I (%) 

Ratio II (%) 

Measured Cs 

Measured Cw 

A* 

Fredlund 
(1969) 

Regina 
Canada 

42 

84 

110 

103 

1.32 

1.23 

0.094® 

-

B 

Hamberg & 
Nelson (1984) 

Colorado 
U.S.A. 

28 

72 

93 

92 

1.29 

1.28 

-

0.016@@ 

C 

Osman & 
Sharief(1987) 

Sudan 

35 

142 

154 

157 

1.08 

1.11 

-

-

D 

Osman & 
Sharief(1987) 

Sudan 

34 

150 

155 

159 

1.03 

1.06 

-

-

E** 

Snethen & 
Huang (1992) 

Wynnewood 
U.S.A. 

33 

180 

290 

291 

1.61 

1.62 

~ 

-

F** 

Snethen 
(1980) 

Kansas 
U.S.A. 

55 

165 

205 

177 

1.24 

1.07 

-

-

H 

00 

c 
3 
3 

e a 5" 



Case Study 

Reference 

Site Location 

Plasticity Index (%) 

Measured Heave (mm) 

Proposed Method I 
(mm) 

Proposed Method II 
(mm) 

Ratio I (%) 

Ratio II (%) 

Measured Cs 

Measured Cw 

G 

Yoshida et al. 
(1983) 

Regina 
Canada 

43 

106 

110 

101 

1.04 

0.95 

0.09 

-

T X * * * 

Dhowian et al. 
(1987) 

Saudi Arabia 

25-35 

200 

280 

275 

1.40 

1.38 

-

-

I 

Maksimovic & 
Tonkovic (1987) 

Yugoslavia 

40 

150 

166 

164 

1.11 

1.09 

-

-

J 

Retamal et al. 
(1987) 

Santiago 
Chile 

45 

70 

100 

91 

1.43 

1.31 

-

-

K 

Nelson & 
Miller (1992) 

Colorado 
U.S.A. 

28 

82 

116 

117 

1.42 

1.43 

-

Q Q]9@@@ 

L 

Fityus et 
al. (2004) 

Newcastle 
Australia 

45 

75 

101 

109 

1.35 

1.45 

-

-

M 

Fityus et 
al. (2004) 

Newcastle 
Australia 

45 

35 

40 

38 

1.14 

1.09 

-

-



*Final moisture content is assumed to be saturated. 

** Final water content is calculated from soil suction distribution. 

*** Plasticity index is assumed to be the maximum value in the tested field. 

^ Using measured C5, the estimated heave by using proposed technique / and // are 107mm, 98mm (i.e., 
ratio: 1.27, 1.17), respectively. 

^ ^ Using measured CVi,, the estimated heave by using proposed technique / and // are 87mm, 88mm (i.e., 
ratio: 1.21, 1.23), respectively. 

wOO Tjsmg measured CW9 the estimated heave by using proposed technique / and // are 88mm, 89mm (i.e., 
ratio: 1.07, 1.08), respectively. 
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Figure 5.14 shows the comparison between measured and estimated 1-D heave for 

the 13 case studies. The measured and estimated values for both case study E (Snethen 

and Huang 1987) and case study H (Dhowian et al. 1987) have greater difference in 

comparison with other 11 case studies. Significant differences between the measured and 

estimated values of 1-D heave for them may be attributed to using assumed field 

condition for heave estimation. 

For case study A (Regina, Fredlund 1969), the water content change was obtained 

by assuming the soil was saturated when the heave measurements were made. This will 

result in maximum heave values in the tested field. The assumption is not valid since the 

entire active zone depth may not be in a saturated condition. In addition, the differences 

is also attributed to the estimated value of Cs. Using measured Cs (i.e., 0.094), which was 

provided in the literature, the results obtained by using proposed technique / and / / are 

107mm, 98mm (i.e., ratio: 1.27, 1.17) respectively. 

For case study B (Colorado, Hamberg and Nelson 1984, ratio: 1.29, 1.28) and case 

study K (Colorado, Nelson and Miller 1992, ratio: 1.42, 1.43), the measured suction 

modulus ratio, Cw of the expansive soil (Ip = 28%) were provided in literature, which are 

0.016, 0.019, respectively. In case study B, using measured Cw, the estimated heaves for 

the proposed technique I and //are 87mm, 88mm (i.e., ratio: 1.21, 1.23) respectively. In 

case study K, using measured Cw, the estimated heaves for proposed technique / and / / 

are 88mm, 89mm (i.e., ratio: 1.07, 1.08), respectively. In the proposed technique, the 

suction modulus ratio, Cw is estimated to 0.024 while the plasticity index, Ip of the soil is 

higher than 30%. The overestimation for both of the case studies may be attributed to 

using the estimated value of Cw. The case studies are proves that there is need to improve 

the technique for dealing the soils which has plasticity index Ip lower than 30%. 

However, the two case studies still got reasonable results without the time-consuming 

laboratory tests (i.e. Clod test). 

Both of the parameters C5, Cw are estimated by using the relationships between 

laboratory measured C5, Cw and plasticity index, Ip. Case studies A (Fredlund 1969), B 
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(Hamberg and Nelson 1984) and K (Nelson and Miller 1992) could have better 

estimation results when using the measured Cs or Cw to instead of estimated values. 

For the case study E (Wynnewood, Snethen and Huang (1992)), the final water 

content used in proposed technique (Kj and Kn methods) is derived from the values of soil 

suction obtained from filter paper method. The ratios for proposed technique / and / / are 

1.61, 1.62, respectively. For case study H (Saudi Arabia, Dhowian et al. 1987), the 

expansive soils in the studied site include both clay shale (Ip = 35%) and silty shale (Ip = 

25%); but the soil properties of clay shale, which has higher tendency to swell, were used 

for predicting the maximum heave. The two case studies show much greater ratios than 

others. This is considered less favorable since it can result in overtreatment of the 

expansive soils (Snethen 1980). As discussed earlier, the proposed techniques (/and II) 

are highly sensitive to the water content change Aw, and the plasticity index, /p. 

Therefore, the two case studies have overestimation results. 

In case study J (Santiago, Retamal et al. 1987), the water content distribution was 

just provided in three different soil layers that the variation of water content for other 

depths need to be approximated; and the reported heave was not the maximum heave 

value for this site. These may be the reasons that cause overestimation results. The case 

study L (Newcastle, Fityus et al. 2004) was reported that the authors had difficulties in 

collecting reliable water content distribution due to instrumentations problems. Using the 

inaccurate water content change should be the main reasons that cause overestimation. 

The case study L may also show that, with the consideration of all the essential data 

required for heave prediction technique, there are still factors (i.e., the sensitivity and 

accuracy of the equipments, the ground surface features) will certainly affect the heave 

prediction results. Considering these factors may help the geotechnical engineers build 

more stable structure on expansive soils. 

The ratios obtained from 11 case studies (i.e., excluding case study E and case 

study H) have been shown in Figure 5.15. The differences between the measured and 

estimated heave for 8 of these case studies is less than 30%, which are reasonable as the 
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approach is not overly conservative. The results of case studies J, K and L are 30% 

overestimated to the measured results, which are considered less favorable than other 8 

case studies. 
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Figure 5.15 Summary and Comparison of ratios obtained from 13 case studies, 
(a) proposed technique /; (b) proposed technique / / 
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5.6 Conclusion 

Several researchers and practitioners have significantly contributed 1-D or 3-D 

heave prediction techniques to understand the expansive soils behavior. However, most 

of these techniques require time-consuming laboratory and/or in-situ tests, which are 

expensive and difficult to be performed by geotechnical engineers. Hence, the key 

objective of the research presented in this thesis is to propose a 1-D heave prediction 

technique, which is simple, inexpensive to use and universally valid. This technique 

requires only the information of plasticity index Ip, the dry unit weight, % and the 

variation in natural water content, Aw with respect to depth in the active zone of natural 

expansive soils. The proposed technique was tested using data from 13 case studies 

published in literature. 

The comparison results show that, the proposed technique can be used to obtain 

reasonable result of 1-D heave in natural expansive soils. Using the reliable data from 

field investigation, including Atterberg Limits, in-situ moisture variations and soil profile 

in the active zone, are necessary requirements to successfully estimate 1-D heave while 

using the proposed technique. The plasticity index, Ip and water content change, Aw can 

highly affect the technique. In spite of some limitations, the proposed technique is simple 

and can be used by the geotechnical engineers in the estimation of 1-D heave in 

expansive soils routinely in practice. 
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CHAPTER 6 

CONCLUSIONS AND RECOMENDATIONS 

Expansive soils can be defined as soils which exhibit significant volume changes 

with varying water contents. They are conventionally considered as problematic soils 

that contribute to financial losses. Practicing engineer is routinely interested in the 

estimation of 1-D heave and its impact on infrastructure. The currently used techniques 

for predicting the 1-D heave can be divided into three categories: (i) empirical methods; 

(ii) soil suction methods and (iii) oedometer test methods. The limitations of these 

techniques are: i) they are not universally valid; ii) they do not use the stress state 

variables approach; iii) the various soil parameters required in these techniques can 

only be obtained from time consuming laboratory or in-situ tests that are expensive and 

difficult to be performed. 

The key objective of the research presented in this thesis is to provide a technique 

to estimate the 1-D heave of expansive soils. This technique is proposed by deriving a 

new relationship from Fredlund (1983) and Hamberg and Nelson (1984) methods 

alleviating some of the limitations of both these methods. 

The proposed technique requires only the information of plasticity index, Ip, the 

dry unit weight, yd and water content variation with respect to the depth in the active 

zone of natural expansive soils. It was tested on 13 case studies from seven different 

countries. The good agreement between the measured and estimated heave shows that 

the proposed technique can be used reliably in estimating the 1-D heave. The results 

also show that (/) the estimated heaves using the proposed technique is higher than the 

measured heaves, which can be considered as a conservative approach; (ii) the 

plasticity index, Ip and water content change, Aw can highly affect the estimation using 

this technique; (iii) the technique can obtain reliable estimation results with accurate 

data provided from field investigations. 
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Other topics recommended to be further investigated including the following: 

1. Four empirical relationships have been proposed for estimation of the 

parameters Cw, Cs and K using laboratory tests results and case study results 

from published literatures. It is recommended that these relationships need to 

be further improved using more data from the literature to improve the 

reliability of the proposed technique. 

2. Several studies show that water will continue to migrate within the soils and 

bedrock through their entire design life period. However, significant 

influence of water migration is typically observed in the top 6 m below the 

ground surface. Investigations to predict 1-D heave as a function of time by 

modifying this technique would be more valuable. 

The proposed technique is simple and should encourage geotechnical engineers 

to implement the technique for unsaturated soils into practice. 
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