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ABSTRACT 

Compacted soils, expansive soils and collapsible soils are typical 

unsaturated soils that are commonly considered as problematic soils. The 

behavior of unsaturated soils during undrained loading and consolidation 

processes have not been extensively studied from an experimental 

standpoint in comparison to saturated soils. 

The primary objective of this research program was to study the pore 

pressure development and the consolidation behavior of unsaturated soils 

resulting from the application of external loads and changes in 

pore-water pressure. The study dealt with one-dimensional loading 

(Ko-conditions) and consisted of theoretical and experimental programs. 

The theoretical program was started with a brief literature review 

on unsaturated soil behavior. The relevant theories were developed by 

first introducing the physics involved during undrained and drained 

loadings. Boyle's gas law and the constitutive eq\lations for unsaturated 

soils were used in the derivation of pore-pressure parameters for 

undrained loading. Darcy's law and the constitutive equations for 

unsaturated soils were used in deriving the governing flow equation for 

the water phase. The stress state variables for an unsaturated soil were 

used in the formulation of the constitutive equations. 

An experimental program was established and the program involved the 

development of appropriate equipment for testing, the selection of a 

suitable soil and testing procedure; and eventually the carrying-out of 

the undrained and drained tests. A Ko-cylinder that allowed undrained 

and consolidation tests to be performed on an unsaturated soil specimen 
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was designed and built. Simultaneous measurements of pore-air and 

pore-wat.er pressures were made t.hroughout t.he sojl specimen during t.ests. 

Details on t.he design and construct.ion of the equipment are outlined in 

the thesis. Criteria used for selecting the soil and testing procedure 

are described. 

There were four types of tests performed on the soil throughout the 

experimental program. The undrained or constant water content loadings 

were conducted for obtaining the pore pressure parameters for an 

unsaturated soil. The drained tests consisted of consolidation and 

increasing matric suction tests. The drained tests were conducted in 

order to study the pore pressure and volume change behavior of an 

unsaturated soil during a transient process. The above tests were 

performed alternately in an experimental series. There were five 

experimental series carried-out in the program. 

The experimental data were analyzed and interpreted in the light of 

the formulated theory. Theoretical simulations for matching the 

experimental data were also performed. Comparisons between the 

experimental data and theoretical simulations are presented and discussed 

in the thesis. 

The experimental pore pressure parameters obtained from the 

undrained and constant water content loadings agree reasonably well with 

the formulated theory. The pore-air pressure dissipation was found to be 

essentially instantaneous when the air phase is continuous. The 

pore-water pressure dissipation during the consolidation test was found 

to be faster than the pore-water pressure decrease during the increasing 

matric suction test. The differing rates of dissipation were attributed 

to the differing coefficients of water volume change for both tests. 
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The water volume changes during the ~onsolidation test were considerahly 

smaller than the water volume changes during the increasing matric 

suction tests for the same increment of pressure change. 
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CHAPTER I 

INTRODUCTION 

1.1 General 

Geotechnical engineers have been increasingly challenged by 

problematic soils around the world. Some soils which have been 

identified as problematic are expansive soils, collapsible soils and 

residual soils. These soils are generally unsaturated with pore-water 

pressures that are negative relative to atmospheric conditions. Another 

category of unsaturated soils which has been problematic is compacted 

soils used in construction of roads and earth fill dams. 

There has been a significant increase in our understanding of 

unsaturated soil mechanics' concepts, theories and formulations during 

the past two decades. On the other hand, experimental results on 

unsaturated soils require time-consuming, demanding experiments in the 

laboratory and cannot be produced as fast as the theoretical 

developments. As a result, many unsaturated soil theories have not been 

fully verified. The application of the theories is also limited by our 

inability to measure the required properties of an unsaturated soil. The 

difficulties associated with measurements of behavior on unsaturated 

soils are primarily due to the fact that the pore-water pressures can be 

highly negative and the soil also contains air. Conventional soil 

mechanics testing equipment has not been built for testing unsaturated 

soils. Therefore, there is a need for the development of appropriate 

1 



2 

equipment and test procedures to experimentally study the behavior of 

unsaturated soils. 

1.2 Identification of the Research Need 

Many important issues in soil mechanics are related to an 

understanding of pore pressure and volume change behavior. The concept 

of pore pressure parameters for undrained loading and the consolidation 

theory for saturated soils have become classical theories in soil 

mechanics. 

There have been recent developments of similar theories that can be 

applied to unsaturated soils. The application of these theories in 

practice can be illustrated in the following examples: 

The placement of compacted fills during the construction of an 

earth-filled dam is illustrated in Figure 1.1. The construction can be 

considered to be sufficiently rapid so that the soil undergoes undrained 

loading. The generated pore-air and pore-water pressures during the 

construction are illustrated in Figure 1.2. The difference between the 

pore-air and pore-water pressures is referred to as matric suction. The 

matric suction of a soil has been demonstrated to contribute to the shear 

strength and to control the volume change behavior of the soil. 

As the construction progresses, the total overburden pressure 

increases. As a result, high pore-air and pore-water pressures are 

generated. The pore pressures result in a decrease in the matric 

suction which may in turn affect the stability of the dam. In other 

words, the matric suction can vary in response to the application of 

total stress (e.g., overburden pressures) to the soil. In this case, 
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the concept of pore pressure parameters can be used to quantify the 

induced pore pressures or the changing matric suction resulting from the 

increasing total stress during construction. 

The generated pore pressures will eventually dissipate with time, 

during or after the construction. The pore-air pressures will dissipate 

to atmospheric conditions. The pore-water pressures will vary depending 

on the flux boundary conditions (i.e., rainfall or evaporation) at the 

surface of the dam. The changing pore pressures or matric suction can be 

analyzed using a consolidation type theory for an unsaturated soil. The 

rate of pore pressure dissipation and volume changes can also be 

predicted for various times. 

Another example deals with the site selection for dumping waste 

materials as illustrated in Figure 1.3. The low water permeability of an 

unsaturated soil above the groundwater table is a desirable property for 

the placement of waste materials. The low permeability will slow down or 

essentially prevent the migration of contaminants from the waste 

materials to the groundwater. The coefficient of permeability with 

respect to the water phase decreases significantly with increasing matric 

suction in the soil. The placement of waste material will increase the 

overburden pressure and pore pressures. As a result, the matric suction 

will decrease and the soil permeability will increase. The excess pore 

pressures will dissipate with time and as a result, the soil matric 

suction and permeability will also change. The variations in the matric 

suction and permeability as a result of undrained loading and dissipation 

processes are of interest in predicting the rate of contaminant transport 

through the unsaturated zone to the water table. These variations 
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can be predicted using the concept of pore pressure parameters and the 

consolidation theory. 

The above examples illustrate the need of a detailed laboratory 

study on the pore pressure and volume change behavior of an unsaturated 

soil during undrained loading and consolidation. A better understanding 

of the unsaturated soil behavior would assist geotechnical engineers when 

dealing with these soils in practice. 

1.3 Scope and Objectives of the study 

The primary objective of this research program is to study the pore 

pressure development and the consolidation behavior of unsaturated soils 

caused by external loading of the soil. The study is limited to 

one-dimensional air and/or water flows under a Ko-conditions and consists 

of theoretical and experimental programs. In the theoretical study, the 

necessary formulations for describing the pore pressure and volume change 

behavior during undrained and drained loadings (e.g. consolidation) are 

derived. The experimental study involves the design and construction of 

appropriate equipment for undrained and consolidation tests on 

unsaturated soils. An extensive program of undrained and consolidation 

tests will be conducted and the results will be analyzed in the light of 

the formulated theory. Typical characteristics of pore pressure and 

volume changes (e.g., the rates and magnitudes of changes) during both 

processes will be the main results of the study. 
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1.4 Thesis Organization 

The thesis is divided into seven chapters. This first chapter, 

"Introduction", familiarizes the reader with the nature and problems 

associated with the unsaturated soils. Typical problems that require 

unsaturated soil mechanics are illustrated. The objectives of the thesis 

and the research program required to accomplish the objectives are 

briefly outlined. 

The second chapter, "Literature Review", provides a brief summary of 

the research works that have been carried out on the undrained and 

consolidation behavior of unsaturated soils. The available information 

is used to set the stage for further theoretical and experimental 

developments in this research program. 

The third chapter, "Theory", summarizes the relevant concepts and 

the derivations of equations for understanding the unsaturated soil 

behavior during undrained loading and consolidation. The presented 

theory is later used to describe the behavior observed during the 

experimental program. The implementation of the theory into computer 

programs that can be used to simulate experimental results are also 

presented in this chapter. 

The fourth chapter, "Laboratory Program", outlines in detail the 

objectives of the experimental program and the proposed program for 

achieving the objectives. The development of a new equipment for 

conducting undrained loading and consolidation testing on unsaturated 

soils is explained from the design stage to the modification stage. The 

selection of an appropriate soil to be used for the experimental program 

is also outlined. Special procedures and techniques for conducting the 

experiments using the designed equipment are given in details. 
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The fifth chapter, "Data Presentation", provides a record· of the 

performance of the equipment during the proposed program. Experimental 

difficulties and their solutions are outlined. Typical results are 

presented for the undrained and drained tests with some remarks on the 

results. The majority of the results are tabulated in Appendix E. 

The sixth chapter, "Data Analyses and Discussions", provides the 

interpretation of the data presented in the fifth chapter. The results 

of the data analyses using the theory given in the third chapter are 

discussed in detail. Comparisons between the theoretical predictions and 

the experimental results are also presented. 

The seventh chapter, "Conclusions and Recommendations", summarizes 

the findings from this thesis program and provides recommendations 

regarding the direction for future work in this area of research. 



CHAPTER II 

LITERA'IlJRE REVIEW 

2.1 Introduction 

Pore pressures in soils can develop from natural groundwater 

conditions or from the application of external loadings. Rapid 

applications of load are common in modern construction procedures. As a 

result, the pore fluids in the soil are loaded under undrained conditions 

(i.e., no drainage of pore fluids). The pore pressures generated during 

an undrained loading are commonly referred to as generated or excess pore 

pressures and the ratio between the generated pore pressure and the 

applied load is called the pore pressure parameter. In an unsaturated 

soil, the total stress applied during undrained loading can be carried by 

the soil structure, the pore-air and the pore-water depending upon the 

relative compressibilities of the constituents involved. The theory 

associated with pore pressure parameters in saturated soils is briefly 

reviewed first, followed by several theories for pore pressure parameters 

in unsaturated soils. Experimental results on pore pressure parameters 

for unsaturated soils are also presented. 

The concept of pore pressure parameters is useful in practice, 

particularly in earth fill construction. The pore-air and pore-water 

pressures generated in an earth fill during construction can be estimated 

using the pore pressure parameters. As an example, stability analyses of 

an earth fill at various stages during its construction can be computed 

using the generated pore pressures. 
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Following construction, the excess pore pressures will dissipate 

with time as a function of the soil permeability with respect to air and 

water. As a result, the pore fluids drain out from the soil during the 

dissipation of the excess pore pressures. This process is commonly 

referred to as consolidation. The classical Terzaghi's consolidation 

theory has been used extensively in practice to describe the pore-water 

pressures and the volume changes during consolidation of saturated soils. 

Several theories for describing the consolidation of an unsaturated soil 

have been proposed by numerous researchers. These theories are outlined 

and described in this chapter as the background for the presentation of 

the proposed theory used in this thesis (Chapter III). 

2.2 Undrained Loading 

In 1954, Skempton introduced the pore pressure parameter concept for 

describing pore-water pressure changes during an undrained loading in a 

triaxial cell with the axial stress increasing. 

3A-l 
[2.1]

3 

where: 

duw = pore-water pressure change 

d03 = change in the minor principal stress 

dOt = change in the major principal stress 

B, A = pore-water pressure parameters 

Equation 2.1 is commonly written in the following form: 

[2.2] 
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However, the form of Equation 2.1 is superior to Equation 2.2 from a 

theoretical point of view (Skempton, 1954): " ... for a material behaving 

in accordance with elastic theory, with A = 1/3, the pore pressure 

depends solely on the mean principal stress, whereas in soils with A T 

1/3 the pure shear stress has a marked influence on the pore pressures" 

(see Equation 2.1). 

The Bk pore pressure parameter for Ko-Ioading can be calculated 

using the following equation: 

1 
[2.3] 

n Caw 
1 + 

mv 

where: 

Bk = pore-water pressure parameter in Ko-loading 

n = porosity 

Caw = compressibility of the fluid (i.e., air and water mixtures) in 

the voids 

1 dVv 
(i.e., Caw = ) 

Vv = volume of voids 

dVv 
= void volume change with respect to the pore-water pressure change 

duw 

mv = coefficient of volume change for the soil structure under a 

Ko-Ioading condition 

(i.e., mv = 
1 

V 

dV 

d(cry - u,,) 
) 

V = total volume of the soil 
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dV 
- . total volume change with respect to a change jn the 

d(oy - uw) 
effective vertical stress, d(oy - uw) 

Equation 2.3 is obtained by equating compression of the soil 

structure to the compression of the pore fluids. The compressibility of 

the soil solids is assumed to be negligible. Relationships defining the 

compressibility of air-water mixtures, Caw, have been proposed by several 

researchers as tabulated in Table 2.1. 

At saturation (i.e., S =100%) the compressibility of air-water 

mixtures, Caw, reduces to the compressibility of water, CWo As a result, 

the term in Equation 2.3 approaches zero since the 

compressibility of water, is negligible compared to the 

compressibility of the soil structure, my. Consequently the Bk parameter 

at saturation is approximately equal to 1.0. An inclusion of a small 

percentage of air in the pores would increase the compressibility of the 

pore fluid and cause the (Caw/mv) term in Equation 2.3 to be larger than 

zero. Therefore, the Bk parameter for an unsaturated soil is less than 

1.0 with a typical range of values from about 0.1 to 0.5 (Skempton, 

1954) . The A parameter may vary from zero to greater than one depending 

upon the stress state in the soil. 

Equation 2.1 can be rearranged in a different form as, 

[2.8] 

where: 

B = B[l - (1 - A) (1 - dU3/dot)] 



14 

Table 2.1. Various Relationships for Compressibility of Air-Water Mixtures. 

Compressibility of 
Reference Assumptions Air-Water Mixture, Description or Variables 

Calf 

Bishop and 
Eldin (1950) Ca 

Uao 

ua 2 
Calf 

(1 - S + h S) Uao 

u. 2 

Ca 

CIf 

compressibility of air 

compressibility of watt' 

[2.4] Calf compressibility of air-
water mixtures 

Skempton and 
Bishop (1954) 

CIf and CUa - u.) 
are negligiblp. 

S" 

S 

initial degree of 
saturation 

degree of satur~tion

h volumetric coefficient 
of solubility 

Koning (1963) 
1 

Ca 
Ua 

h 0 

CUa - u.) is 
negligible 

Ca. 
(1 - S) 

S C. +---
Ua 

[2.5] 

Ua 

Uao 

Ua -

Ba• 

absolute pore-air 
pressure 

initial absolute 
pore-air pressure 

U. matric suction 

dUa 
= 

du. 

Verruijt (1969) same as Konings 
Ca. 

(1 
= So C. + 

- So) 

Ua 

[2.6] 

Fredlund (1976) 
Ca = 

1 

Ua 
Ca. • S C. + B.. 

(l - S) 

Ua 

C. and (Ua - u.) 
are taken into 
consideration 

+ Ba• 
S h 

Ua 

[2.7] 
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-
The B parameter is relevant to undrained loading under Ko

conditions (Fig.2.1). Bishop (1954) expressed the B parameter in 

terms of the effective principal stress ratio, K, as follows: 

1 - (1 - A) (1 -K) -
B = B [2.9] 

1 - B (1 - A) (1 - K) 

where:

K = effective stress ratio (i.e., (d03 - duw)/(dol - duw))

Bishop (1961) extended the pore pressure parameter concept to both 

the air and water phases in an unsaturated soil. 

[2.10] 

(2.11] 

where: 

dUa = pore-air pressure change 

Ba , Aa = pore-air pressure parameters for an unsaturated soil 

Bw, Aw = pore-water pressure parameters for an unsaturated soil 

Equations 2.10 and 2.11 can also be rearranged to give the Ba and Bw 

pore pressure parameters for Ko-loading conditions. 
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Figure 2.1 Ko-undrained loading 
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-
dUa = Ba dOt [2.12] 

[2.13] 

where: 

-
Bw = Bw [1 - (1 - Aw) (1 - d03/dOt)] 

The pore-air pressure change, dUa, during an tmdrained loading can 

also be calculated using Boyle's law and Henry's law of solubility 

(Hamilton, 1939; Brahtz, Zangar and Bruggeman, 1939; Hilf, 1956 and 

Bishop, 1957). 

- dV / Va 
dUa = -------------- Uao [2.14] 

dV / Va + no (1 - So + So h) 

where: 

Va = initial total volume 

dV = total volume change 

no = initial porosity 

So = initial degree of saturation 

h = volumetric or Henry's coefficient of solubility 

Uao = initial absolute pore-air pressure 

Hasan and Fredlund (1980) derived independent equations for the 

pore-air and pore-water pressure parameters. The equations were derived 

by equating the constitutive equations for an unsaturated soil to the 
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compression of the air-water mixtures. The stress state variables for an 

unsaturated soil (i.e., (0 - ua) and (ua - were used in the 

constitutive equations. Comparisons between the measured and predicted 

pore pressures from the derived equations are shown in Figure 2.2. 

Similar derivations are presented in Chapter III for pore pressure 

parameters under Ko-Ioading conditions. 

Several research studies on compacted, unsaturated soils indicated 

insignificant effects of the stress ratio on the generation of pore-water 

pressures during an undrained loading (see Figure 2.3 to Figure 2.6). It 

would appear that the Bw parameter from Ko-Ioading has essentially the 

same magnitude as the Bw parameter from the isotropic loading (i.e., 

K =1) (see Figure 2.3). This finding was further verified by Bishop 

(1957, Figure 2.4) and Barden and Sides (1970, Figure 2.5). Casagrande 

and Hirschfeld (1960) tested compacted clay specimens from Canyon dam 

under isotropic and Ko-Ioadings. Similar curves of pore pressure versus 

total major principal stress were obtained from the experiments (Figure 

2.6). "The total principal stress ratio has practically no effect on the 

pore pressure build-up when the latter is expressed as a function of the 

total major principal stress" (Casagrande and Hirschfeld, 1960). 
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Bishop and Henkel (1962) measured pore-air and pore-water pressures 

of two unsaturated specimens during isotropic, undrained loading. The 

results are presented in Figure 2.7. It appears that the initial degree 

of saturation has a pronounced effect on the development of pore 

pressures during an lmdrained loading. A change in total stress induces 

a larger change in pore-water pressure than in pore-air pressure. 

Barden and Sides (1970) investigated the development of pore-water 

pressures during undrained loadings of compacted West Water clays in a 

consolidation cell (Figure 2.8). The total stress, 01' was increased 

from zero to 345 kPa. The pore-water pressure versus time curves exhibit 

two peaks and a drop in between the peaks. The drop was attributed to 

the air dissolving into water which caused an increase in the pore fluid 

compressibility. The second peak was considered as the result of creep 

phenomena that caused an increase in the soil structure compressibility. 

Campbell (1973) experimentally measured Ba and Bw pore pressure 

parameters of compacted Peorian loess and Champaign till during isotropic 

undrained loadings. The results demonstrate the decreasing Ba and Bw 

parameters with decreasing degrees of saturation as shown in Figures 2.9, 

2.10, 2.11 and 2.12. The B pore pressure parameters appear to increase 

rapidly at degrees of saturation equal to 80~ for Peorian loess and 90~

for Champaign till, respectively. The B parameters approach 1.0 as the 

degree of saturation approaches 100~.
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Figure 2.8 Undrained pore-water pressure behavior with time for half 
proctor compacted West Water clay (from Barden and Sides, 
1970) 
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2.3 Consolidation 

The development of consolidation equations using the appropriate 

stress state description for saturated and unsaturated soils are 

presented in the following sections. 

2.3.1 Consolidation process for saturated soils 

Terzaghi (1943) derived the classical theory for one-dimensional 

consolidation of saturated soils. Several assumptions were used in the 

derivations, such as: 1) homogeneous and saturated soils; 2) small 

strains; 3) the coefficients of volume change, my, and of permeability, 

ks , remain constant during consolidation; and 4) water and soil particles 

are incompressible. 

The derivations incorporated a constitutive equation for saturated 

soils and a flow law. The constitutive equation describes the 

deformation of the soil structure with respect to changes in the stress 

state variable using the soil property called the coefficient of volume 

change, my. Terzaghi (1936) proposed the effective stress, (0 - uw), as 

the stress state variable for a saturated soil. The flow rate of water 

during consolidation is calculated in accordance with Darcy's law. 

Darcy's law relates the flow rate of water to its hydraulic head gradient 

using the soil property called the coefficient of permeability, ks • 

Applying the continuity of a soil element which requires that the 

volume change of a soil element be equal to the water volume change. 

This results in the consolidation equation proposed by Terzaghi (1943). 

auw 
= Cy [2.15] 

at 
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where:

Cv = coefficient of consol idation (i. e., kg / Pw g 1Dv)

kg = coefficient of permeability with respect to water at saturation

(i.e., S = 100%) 

Pw = water density 

g = gravitational acceleration 

mv = coefficient of volume change for saturated soils 

Equation 2.15 describes changes in pore-water pressures with respect 

to depth and time during the consolidation process. The changes in 

pore-water pressures result in changes in the effective stress, (0 - uw). 

The effective stress changes are substituted into the constitutive 

equation in order t~ compute the soil volume change which is equal to the 

water volume change for saturated soils. The computed volume changes can 

be used to update the soil volume-mass properties such as void ratio, 

water content and degree of saturation throughout the consolidation 

process. 

2.3.2 stress state description for unsaturated soils 

It would be useful to geotechnical engineering practice if the 

concept of effective stress for saturated soils could be extended to 

unsaturated soils. All proposed, so-called "effective stress" equations 

have attempted to provide a single-valued effective stress or one stress 

state variable for an unsaturated soil. (e.g., [a - Ua + X (ua - u.)] 

as proposed by Bishop (1959), where: X = soil parameter related to 

degree of saturation). Soil parameters are used in all proposed 

equations. The incorporation of a soil property in the description of 
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the stress state leads to difficulties. Variables used for the 

description of a stress state should be independent of soil properties 

(Fung, 1969). Experimental results have shown that the soil properties 

measured do not yield a single-valued relationship to the proposed 

effective stress. In other words, the soil property in the proposed 

effective stress equation has different magnitudes for different problems 

(i.e., volume change and shear strength), different stress paths, and 

different types of soil (Jennings and Burland, 1962; Coleman, 1962; 

Bishop and Blight, 1963; Burland, 1964; Burland, 1965 and Blight, 1965). 

More recently there has been a tendency to use the stress state 

variables for an unsaturated soil in an independent manner. In other 

words, the effective stress equation proposed by Bishop (1959) has been 

separated into two independent stress state variables and the need for 

the incorporation of soil properties in the stress state description no 

longer exists (Bishop and Blight, 1963 and Matyas and Radhakrishna, 

1968). Fredlund and Morgenstern (1977) presented experimental results 

and theoretical analyses that support the use of independent stress state 

variables for unsaturated soils, namely net normal stress, (u - ua ), and 

matric suction, (ua - uw). 

2.3.3 Consolidation process for unsaturated soils 

In 1941, Biot proposed a general theory of consolidation for an 

unsaturated soil with occluded air bubbles. Two constitutive equations 

relating stress and strain were formulated in terms of the effective 

stress, (u - uw), and the pore-water pressure, Uw. In other words, the 

need for separating the effects of total stress and pore-water pressure 

was recognized. One equation related the void ratio to the stress state 



34 

and the other equat~on related the water content to the stress state of 

the soil. Assumptions used in Biot's theory were similar to those used 

in Terzaghi's theory. For the one-dimensional consolidation, fliot's 

theory resulted in an equation similar to Equation 2.15 but the 

coefficient of consolidation, Cy, was modified to take into account the 

pore fluid's compressibility. Larmour (1966), Hill (1967); and Olson 

(1986) showed that Terzaghi's equation with a modified Cy can be used to 

describe the consolidation behavior of unsaturated soils with occluded 

air bubbles. Scott (1963) incorporated void ratio change and degree of 

saturation change in formulating the consolidation equation for 

unsaturated soils with occluded air bubbles. 

Blight (1961) derived consolidation equations for the air and water 

phases in a dry rigid unsaturated soil. Fick's law of diffusion that 

relates mass transfer to the pressure gradient was used in the 

derivation. Barden (1965 and 1974) presented an analysis of the 

one-dimensional consolidation of compacted, unsaturated clay. Darcy's 

law was used in deriving the equation for the air and water phases. 

Several independent types of analyses were proposed depending upon the 

degree of saturation of the soil. The analyses remained indeterminate 

due to the lack of information on the stress state and the constitutive 

relations for the unsaturated soil. 

Fredlund and Hasan (1979) presented two partial differential 

equations for solving the pore-air and pore-water pressures during the 

consolidation process of an unsaturated soil. The air phase was assumed 

to be continuous. Darcy's and Pick's laws were applied to the flow of 

water and air phases, respectively. The partial differential equation 

for the water phase in the y-direction can be written as, 
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w 
aUa w a2uw Cv akw 

= - Cw -- + Cv +-- + Cg [2.16 ]
at kw ay 

where: 

t = time 

w w w w 
= (1 m2/mt)/(m2/ml) and is called the interactive constant 

associated with the water phase equation 

w 
ml = coefficient of water volume change with respect to the net normal 

stress, (a - ua) 

w 
m2 = coefficient of water volume change with respect to the matric 

suction, (ua - uw) 

w w 
Cv = kw/(Pw g m2) and is called the coefficient of consolidation with 

respect to the water phase. 

kw = coefficient of permeability with respect to the water phase. 

Pw = density of water 

g = gravitational acceleration 

w 
Cg = 11m2 and is commonly referred to as the gravity term constant in 

the soil science literature 

The coefficient of permeability of water can vary significantly with 

space in the unsaturated soil. This variation is taken into account by 

the last two terms of Equation 2.16. The volume-mass properties of the 

soil can be used to describe the variation in the coefficient of 

permeability. 
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The air phase partial differential equation has the form: 

a 
a Cv aD* 
---+ [2.17]= - Ca + cv 

at at D* ay 

where: 

Ca = 
(1 - S)n 

a 
(ua + Uat.) mt 

and is called the interactive constant associated with the air 

phase equation. 

a 
mt = coefficient of air volume change with respect to the net normal 

stress, (0 - \la) 

a 
m2 = coefficient of air volume change with respect to the matric 

suction, (ua - uw) 

S = degree of saturation of the soil 

n = porosity of the soil 

Uat. = atmospheric pressure 

a D*R8 1 
Cv = 

a a a 
~ (1 - m2/mt) (ua + Uat.) mt + (1 - S)n 

and is called the coefficient of consolidation with respect to 

the air phase 
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D* = DIg and is called the transmission constant of proportionality 

for the air phase 

D = a transmission constant for the air phase having the same unit 

as coefficient of permeability 

R = universal gas constant 

e = absolute temperature 

W = molecular weight of the mass of air 

The last term in Equation 2.17 accounts for the variation of the 

transmission constant of proportionality for the air phase with respect 

to space. The constant of proport.ionality can be written as a function 

of the volume-mass properties of the soil. 

Equations 2.16 and 2.17 are solved simultaneously. The above method 

is called a two-phase flow approach. The formulations are similar in 

form to the conventional one-dimensional Terzaghi derivation (i.e., 

Equation 2.15) and demonst.rate a smooth transition between the 

unsaturated and saturated cases. Lloret and Alonso (1981) presented 

equations similar to Equations 2.16 and 2.17 to describe the 

consolidation of an unsaturated soil. Equations 2.16 and 2.17 have been 

used to simulate the volume change behavior of compacted kaolin specimens 

during total stress and matric suction change processes (Fredlund and 

Rahardjo, 1986). The pore pressure changes calculated in Equations 2.16 

and 2.17 result in changes in the stress st.ate variables. The stress 

state variable changes are then substituted into the soil structure and 

the water phase constitutive equations in order to compute the soil and 

water volume changes in an unsaturated soil. Comparisons between the 

predicted volume changes with the experimental results indicate similar 
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behavior of volume changes with respect to time (Figure 2.13). However, 

pore pressure changes in the specimens were not measured during the 

tests. 

In 1984, Dakshanamurthy, Fredlund, and Rahardjo extended the 

consolidation theory for unsaturated soils to three-dimensional cases. 

The continuity equations were coupled with the equilibrium equations in 

deriving the three-dimensional formulation. 
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CHAPTER III 

THEORY 

3.1 Introduction 

A theoretical basis for understanding the pore pressure response and 

the consolidation behavior of unsaturated soils is presented in this 

chapter. The physics involved during undrained and drained loadings are 

outlined prior to the derivations of the governing equations for each 

case. As an example, Boyle's gas law and the constitutive equations for 

unsaturated soils are used in the derivation of pore-pressure parameters 

for undrained loading. The stress state variables for an unsaturated 

soil are used in the formulation of the constitutive equation. In the 

drained process, Darcy's law for water flow and again the constitutive 

equations for unsaturated soils are used in deriving the governing flow 

equation. 

Several computer programs are also provided for solving the 

governing equations. The programs are intended for use in the simulation 

of data obtained from the experimental program. 

3.2 Derivations of Pore-Pressure Parameters 

The development of excess pore pressures in an unsaturated soil 

during an undrained loading is a function of the pore fluid and soil 

structure compressibilities. The compressibility of the air-water 

mixture that fills the pore voids is described in the next section. The 

40
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necessary constitutive equations for describing the deformation behavior 

of an unsaturated soil are also outlined briefly. Derivations of 

pore-pressure parameters for Ko-Ioading conditions using the pore fluid 

compressibility and the constitutive equations for unsaturated soils are 

presented in the last part of the chapter. 

Pore-pressure parameters during constant water content tests are 

discussed as a special case of undrained loading. These equations assist 

in analyzing the pore-pressure response of an unsaturated soil during 

undrained loading. 

3.2.1 Compressibility of air-water mixtures 

During undrained compression of an unsaturated soil, the pore-air 

and pore-water are not allowed to flow out of the soil. Volume change 

occurs as a result of the compression of the air and toa lesser extent, 

the water. The compression of soil solids can be assumed negligible for 

the stress range commonly encountered in practice. The pore fluid volume 

change is related to the change in the pore-air and pore-water pressures. 

The pore-air and pore-water pressures increase as an unsaturated soil is 

compressed. The pore pressure increase is commonly referred to as an 

excess pore pressure. The volume change of a phase is related to a 

pressure change by its compressibility. Figure 3.1 defines the 

compressibility of a material, at a point on the volume-pressure curve 

during undrained compression. Isothermal compressibility is defined as 

the volume change of a fixed mass with respect to a pressure change per 

unit volume, at a constant temperature (Figure 3.1). 
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Figure 3.1 Definition of isothermal compressibility. 



43 

1 dV 
c = [3.1] 

V du 

where: 

c = compressibility 

V = volume 

dV 
= volume change with respect to a pressure change 

du 

u = pressure 

The term (dV/du) in Equation 3.1 has a negative sign because the volume 

decreases as the pressure increases. A negative sign is used in Equation 

3.1 in order to give a positive compressibility. 

In an unsaturated soil, the pore fluid consists of water, free air, 

and air dissolved in water. The individual compressibilities of air and 

of water are required in formulating the compressibility of the mixture. 

Isothermal compressibility of air can be expressed in accordance with 

Equation 3.1. 

1 dVa 
Ca = (3.2] 

Va dUa 

where: 

Ca = isothermal compressibility of air 

Va = volume of air 
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dVa 
= air volume change with respect ,to an air pressure change 

dUa 

Ua = air pressure 

The volume versus pressure relation for air during isothermal, 

undrained compression can be expressed using Boyle's law. 

Uao Vao 
(3.3] 

ua 

where:

uao = initial absolute air pressure (i.e., Uao = Uao + Uat.)

Uao = inital gauge air pressure

Uat. = atmospheric pressure (i.e. , 101 kPa)

Vao = initial volume of air

Ua = absolute air pressure (i.e., Ua = Ua + Uat.)

Differentiating the volume of air, Va' with respect to the absolute 

air pressure, Ua' gives, 

dVa 1 
[3.4]

dUa 
= 

Equation 3.4 gives the volume change of air with respect to an 

infinitesimal change in the air pressure. Substituting Boyle's law into 

Equation 3.4 gives, 
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[3.5]= 
dUa ua 

The volume derivative with respect to the absolute pressure, 

(dVa/dua), is equal to the derivative with respect to the gauge pressure, 

(dVa/dua), since the atmospheric pressure, Uat., is assumed to be 

constant. Therefore, Equation 3.5 can be substituted into Equation 3.2 

to give the isothermal compressibility of air. 

1 
Ca = [3.6] 

Ua 

Equation 3.5 shows that the isothermal compressibility of air is 

inversely proportional to the absolute air pressure. In other words, the 

air compressibility decreases as the air pressure increases. 

The compressibility of water is defined as follows: 

1 dV. 
c. = [3.7] 

where: 

c. = water compressibility 

v. = volume of water 

dV. 
= water volume change with respect to water pressure change 

duw 

u. = water pressure 
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Typical values of water compressibilities are shown in Figure 3.2. 

The compressibility of an air-water mixture can be derived using the 

direct proportioning of the air and water compressibilities. The 

conservation of mass and the compressibility definition in Equation 3.1 

must be adhered to. Let us consider the air, water, and solids 

volumetric relations as shown in Figure 3.3. Let us assume that the soil 

has a degree of saturation, S, and a porosity, n. The total volume of 

the air-water mixtures is the sum of the volume of water, Vw, and the 

volume of air, Va (i.e., Vw + Va). The volume of the dissolved air, Vd, 

is within the volume of water, Vw• The volumetric coefficient of 

solubility, h, gives the percentage of dissolved air wi.th respect to the 

volume of water. The pore-air and pore-water pressures are Ua and uw, 

respectively, with Ua is always greater than \~. The soil is subjected 

to a compressive total stress, o. 

Let us apply an infinitesimal increase in total stress, do, to the 

soil under undrained conditions for both air and water. The pore-air and 

pore-water pressures increase while the volumes of air and water 

decrease. The compressibility of air-water mixtures for an infinitesimal 

increase in total stress can be defined in accordance with Equation 3.1 

and using the total stress as a reference. 
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1 d(Vw - Vd)
Caw = (---- [3.8] 

da 

where: 

Caw = compressibility of air-water mixtures 

(Vw + Va) = volume of the air-water mixture 

Vw = volume of water 

Vd = volume of dissolved air 

Va = volume of free air 

dV" 
= water volume change with respect to total stress change 

da 

= air volume change with respect to total stress change 
da 

Equation 3.8 is a modification of the compressibility equation for 

air-water mixtures proposed by Fredlund (1976). The total stress change, 

da, is used as the reference pressure in Equation 3.8 while the 

pore-water pressure change, duw, was used as the reference pressure in 

Fredlund's (1976) compressibility equation. The (d(Vw - Vd)/da) term in 

Equation 3.8 is equal to (dV,,/da) since the total volume of 

water, V"' is used in measuring the compressibility of water (i.e., 

The change in air volume occurs as a result of the compression of 

the free air in accordance with Boyle's law and a further dissolving of 

free air into water in accordance with Henry's law. The total air volume 

change can be obtained directly using Boyle's law by considering the 

initial and the final pressures and volume conditions in the air phase. 

The free air compression and the air dissolving in water are assumed to 

be complete under the final condition. The free and dissolved air can be 
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considered as one volume with a uniform pressure. Therefore, the 

dissolved air volume, Vd, also appears in Equation 3.8. 

Applying the chain rule of differentiation to Equation 3.8 gives, 

1 dV. duw d(Va + Vd) dUa 
Caw = (- + -) [3.9] 

Vw + Va du. do dUa do 

where: 

dV. 
= water volume change with respect to pore-water change 

duw 

duw 
= water pressure change with respect to a total stress change 

do 

--------- = air volume change with respect to an air pressure change 
dUa 0 

dUa 
= air pressure change with respect to a total stress change 

do 

Rearranging Equation 3.9 gives,

1 dV. duw 1 
Caw = ---- -- -- -- - [3.10] 

Vw + Va Vw duw do dUa do 

Substituting the volume relations in Figure 3.3, Equations 3.2 and 

3.7 into Equation 3.10 yields the compressibility of air-water mixtures. 

du. dUa 
Caw = S C. + (1 - S + hS) Ca [3.11] 

do do 
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The isothermal compressibility of air, Ca , is equal to the inverse 

of the absolute air pressure. 

d~ d~ _ 
Caw = S Cw + (1 - S + hS) (---)/ua [3.12] 

do do 

The ratio between the pore pressure change and the total stress 

change, (du/do), in Equation 3.12 is referred to as a pore pressure 

parameter (Skempton, 1954). This parameter indicates the pore pressure 

change in response to a total stress change. The pore pressure 

parameters for the air and water phases are different (Bishop, 1961; 

Bishop and Henkel, 1962) depending upon the degree of saturation of the 

soil. The pore pressure parameters can be directly measured in the 

laboratory. For isotropic loading conditions, the parameter is commonly 

called the B pore pressure parameter and can be written as, 

Caw = S Cw Bw + (1 - S + hS) Ba/ua [3.13] 

where: 

Bw = pore-water pressure parameter for an isotropic loading (i.e., 

03 = isotropic (confining) total stress 

Ba = pore-air pressure parameter for an isotropic loading (i.e., dUal 
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The compressibility of the pore fluid in an unsaturated soil (i..e., 

Equation 3.13) takes into account the matric suction of the soil through 

use of the Bw and Ba parameters. In the absence of ~oil solids, the Ba 

and Bw parameters are equal to one. In the presence of soil solids; 

however, the surface tension effects will result in the Ba and Bw values 

being less than 1.0 depending upon the matric suction. The pore-air and 

the pore-water pressures change at differing rates in response to the 

applied total stress. The Bw value is greater than the Ba value. The Ba 

and Bw parameters are low at low degrees of saturation and both 

parameters approach an equal value of 1.0 at saturation. At this point, 

the matric suction of the soil goes to zero. The development of the Ba 

and Bw parameters during undrained compression is illustrated in Figure 

3.4. 

The first term in the compressibility equation (i.e., Equation 3.13) 

accounts for the compressibility of the water portion of the mixture 

while the second term accounts for the compressibility of the air 

portion. The compressibility of the air portion is due to the compression 

of free air (i.e., (1 - S) Ba/ua) and the air dissolving into water 

(i.e., hSBa/ua). The contribution of each compressibility component to 

the compressibility of the air-water mixture is illustrated in Figure 3.5 

for various degrees of saturation. The case considered has an initial 

absolute air pressure, Uaol of 202.6 kPa (i.e., 2 atm). Values of Ba and 

Bw are assumed to be equal to 1.0 for all degrees of saturation. This 

assumption may be unrealistic for low degrees of saturation; however, it 

simplifies the comparison of the compressibility components. 
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Figure 3.5 shows that the compressibility of an air-water mixture is 

predominantly influenced by the compressibility of the free air portion 

-
(i.e .• (1 - S)Ba/ua). When the soil voids are filled with air (i.e., S 

is equal to 0.0), the compressibility of the pore fluid is equal to the 

isothermal compressibility of air (i.e., 4.94 10-3 (l/kPa) at Ua equals 

to 202.6 kPa). At saturation (i.e., S is equal to 1.0), the soil voids 

are completely filled by water and the pore fluid compressibility becomes 

equal to that of water (i.e., 4.58 10-7 (l/kPa»). The inclusion of even 

1% air in the soil is sufficient to increase the pore fluid 

compressibility by almost three orders of magnitude above the 

compressibility of water (see Figure 3.5). Therefore, the 

compressibility of the water is significant when the soil is fully 

saturated. The solution of air in water gives the effect that the soil 

is compressible. The compressibility due to the solution of air in 

water (i.e. h S Ba / ua) is approximately two orders of magnitude greater 

than the compressibility of the water (i.e., S Cw Bw). 

3.2.2 Required constitutive equations 

The derivation of pore pressure parameters and the differential flow 

equation requires volume change constitutive relations for an unsaturated 

soil. These constitutive relations describe the volume changes that take 

place under drained loading. The volume changes are expressed in terms 

of the stress state variable changes. This section provides a summary of 

the constitutive relations required for deriving the pore pressure 

Parameter and the differential flow equations. The use of constitutive 
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relations from drained loading conditions when deriving the pore pressure 

parameter equations for ~ndrained loading, is explained in Section 3.2.3. 

Consider an unsaturated soil specimen that undergoes 

one-dimensional, drained compression. The stress state variables, 

(0 - ua) and (ua - uw), change as the soil is compressed. As a result, 

the volume of the soil changes in accordance with the constitutive 

relation for the soil structure. Volume change is primarily the result 

of compression of the pore fluid since the soi I sol ids are eS'sentially 

incompressible. Figure 3.6a shows the volume of the voids, 

referenced to the initial total volume of the soil, Vo ' (i.e., Vv I Vo ) 

as a function of the stress state variables. The three-dimensional 

surface presented in Figure 3.6a is the constitutive relation for 

the soil structure. For finite changes in the stress state, the 

constitutive relations can be linearized as depicted in Figure 3.6a. The 

linear equation for volume change can be written as proposed by Fredlund 

and Morgenstern (1976). 

dVv s s 
= mt d(o - ua) + m2 d(ua - uw) [3.14] 

Vo 

where: 

dVv 
= volume change referenced to the initial total volume 

= volume of soil voids

= initial total volume of the soil



Vy 

Va 

( a ) SOIL STRUCTURE 

Va
Va

(Ua - Ow ) 

( b) AIR PHASE ( c ) WATER PHASE 
11IFigure 3.6 Linearized portion of constitut.ive relat.ions at a point -J 

during a one-dimensiolli\l, drained compression 



58 

s 
mt = coefficient of soil volume change, with respect to a change 

in net normal stress (dependent on stress state) 

= change in net normal stress 

= coefficient of soil volume change with respect to a change 

in matric suction (dependent on stress state) 

d(ua-uw) = change in matric suction 

The continuity of a referential, unsaturated soil element requires 

that the volume change must be equal to the sum of the changes in volume 

associated with the air and water phases that fill the pore voids. 

Figures 3.6b and 3.6c illustrate linearized constitutive surfaces for the 

air and water phases, respectively. Changes in the volume of air and 

water can be regarded as a linear function of finite changes in stress 

state variables (Figures 3.6b and 3.6c, respectively). The change in the 

volume of air can be expressed as, 

dVa a a 
= mt d(o - ua) + m2 d(ua - uw) [3.15] 

Va 

where: 

dVa 
= change in the volume of air referenced to the initial total 

Va 
volume of the soil 

Va = volume of air 

a 
mt = coefficient of air volume change with respect to a change in net 

normal stress (dependent on stress state) 
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a 
m2 = coefficient of air volume change with respect to a change in 

matric suction (dependent. on st.ress state) 

The change in the volume of water can be writt.en as, 

dVw w w 
[3.16] 

where: 

dVw 
= change in the volume of water referenced to the initial t.otal 

volume of the soil 

w 
mt = coefficient of water volume change with respect to a change in 

net normal stress (dependent. on stress stat.e) 

w 
m2 = coefficient of water volume change with respect to a change in 

matric suction (dependent on stress state) 

The continuity requirement for a referential element can be 

expressed as, 

dVv dVa dVw 
= + [3.17] 

Vo Vo Vo 

The following conditions must be satisfied when considering 

volumetric continuity. 
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s a w 
mt = mt + mt [3.18] 

s a w 
m2 = m2 + m2 [3.19] 

3.2.3 Drained and undrained loadings 

This section explains how the constitutive relations obtained from 

drained loading are applied to undrained loading. The application of an 

all round, positive (i.e., compressive) change in total stress, do, to an 

unsaturated soil under drained or undrained loading, can cause a change 

in volume. In drained loading, air and water are allowed to drain from 

the soil subsequent to the application of the total stress increment. 

The stress state variables in the soil are altered and the volume of the 

soil changes. The volume change can be computed from the stress state 

variable changes in accordance with the constitutive relation for the 

soil structure. 

In undrained loading, the air and water are not allowed to drain 

from the soil. The total stress increase causes the pore-air and 

pore-water pressures to increase and consequently the stress state 

variables also change. The increase in the pore fluid pressures results 

in the compression of the pore fluid. The soil volume change during an 

undrained loading can be regarded as the volume change equivalent to the 

pore fluid compression as illustrated in Figure 3.7a. The volume change 

equivalent to the pore fluid compression, dVv , can be computed by 

multiplying the compressibility of air-water mixture, Caw, by the pore 

fluid volume Vv (i.e., V. + Va = nV), and the total stress increment, da~
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dVv 

(---)0 = Caw n do [3.20] 
Vo 

where: 

dVv 
(---)0 = volume change during undrained compression; referenced to the 

Vo 
to the initial total volume of the soil. The volume change 

results from the compression of the pore fluids. 

n = porosity (i.e., VvfV can be assumed to be equal to Vv/Vo for 

small changes in stress state variables or volumes) 

The volume change can also be written in terms of the stress state 

variable changes in accordance with the constitutive relation for the 

soil structure. The increase in total stress results in an increase in 

net normal stress, d(o - ua), and a decrease in matric suct.ion, 

d(ua The increase in net normal stress causes a decrease in 

volume (Figure 3.7a). 

dVv s 
(-)1 = m1 d(o - ua) [3.21 ] 

Va 

where: 

dVv 
(---)1 = volume change due to the change in net normal stress, 

Va 
d(o - ua), referenced to the initial total volume. 
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The decrease in matric suction generally causes an increase in soil 

volume (Figure 3.7b), 

[3.22] 

where: 

dVv 
(---)2 = volume change due to the change in matric suction, d(ua - u.), 

Vo 
referenced to the initial total volume. 

Volume change during undrained loading of an unsaturated soil can be 

viewed as a three-dimensional plot as depicted in Figure 3.8. During the 

undrained compression, the soil volume moves from point A to point B. 

The net volume change, (dVv/Vo)o, at B is the sum of the volume changes 

due to changes in net normal stress, (dVvlVo) 1 , from point A to C, and in 

matric suction, (dVvlVo)2, from point C to B. Figures 3.7a and 3.7b show 

the projections of the volume changes on the net normal stress and matric 

suction planes, respectively. 

The total volume change obtained from the constitutive relations for 

the soil structure can be written as the sum of Equations 3.21 and 3.22. 

dVv dVv s s 
(---)1 + (---)2 = m1 d(o - ua) + m2 d(ua - u.) [3.23] 

Vo Vo 
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The total volume change obtained from the constitutive relations 

(i.e., Equation 3.23) can be equated to the volume change due to pore 

fluid compression (i.e., Equation 3.20), 

dVv dVv dVv 
(---)1 + (---)2 = (----)0 [3.24] 

Va Va Va 

or, 

s s 
mt d(o - ua) + m2 d(ua - uw) =Caw n do [3.25] 

In a saturated soil, the pore voids are filled with water. The pore 

fluid compressibility is equal to the compressibility of water which is 

far less than the compressibility of soil structure. A total stress 

increase, do, in undrained loading is almost entirely transferred to the 

water phase (i.e., duw ~ do) or the pore-water pressure parameter 

approaches 1.0. The effective stress in undrained loading remains 

essentially unchanged (i.e., d(o - uw) ~ 0.0). As a result, the volume 

change computed from the constitutive relation for the soil structure is 

extremely small (Figure 3.9a). The soil volume change obtained from the 

pore fluid compression is also extremely small because of the low 

compressibility of the water (Figure 3.9a). 

In a ~ soil, the pore voids are primarily filled with air which is 

much more compressible than the soil structure. This is particularly 

true when the pore-air pressure is low since the isothermal 

compressibility of air is equal to the inverse of the absolute air-

pressure. Therefore, a total stress increase, do, during undrained 
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loading is almost entirely transferred to the soil structure. The pore 

pressure remains practically constant or the pore pressure parameter 

approaches zero. The volume change can be computed from the change in 

net normal stress, (0 - ua), in accordance with the constitutive relation 

for the soil structure (Figure 3.9b). The volume change due to a change 

in matric suction is small in a dry soil. The compression of the air 

during undrained loading follows the compression of the soil structure 

(Figure 3.9b). A substantial volume change is required for a significant 

pore-air pressure change due to the high compressibility of air. 

3.2.4 Pore pressure parameters for the Ko-loading condition 

The Ko-undrained loading condition is illustrated in Figure 3.10. 

Let us suppose that a total stress increment is applied in the vertical 

direction. The total stress increment is denoted as doy and the vertical 

direction is assumed to be the major principal stress direction. The 

soil is not allowed to deform in the lateral direction and the air and 

water phases are not allowed to drain. Equation 3.25 relates the soil 

volume change to the volume change due to the pore fluid compression. 

Substituting the Ko-Ioading condition (i.e., doy ) into ~lation 3.25 

gives, 

s s 
mlk d(oy - Ua) + m2 d(Ua - u.) =Caw n doy [3.26] 

where: 

s 
mlk = soil coefficient of volume change with respect to a change in net 

major principal stress for Ko-loading 
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doy = infinitesimal increase in the major principal stress 

The compressibility of an air-water mixture, Caw, can be calculated 

as, 

duw 1 dUa 
Ca. = S C. --- + (1 - S + h S) (-) [3.27] 

doy Ua day 

where:

S = degree of saturation

C. = water compressibility 

h = volumetric coefficient of solubility 

Combining Equations 3.26 and 3.27 results in the following 

relationship for Ko-undrained loading: 

s s 
mlk d(oy - ua) + m2 d(ua - u.) =S n Cw duw + (1 - S + h S)n dUa/ua 

[3.28] 

Rearranging Equation 3.28 yields an expression for the change in the 

pore-water pressure, duw, in response to a total stress change, day 

s s s-
m2 - mlk - (1 - S + h S) n/ua mlk 

duw dUa + day [3.29]= 
8 S 

m2 + S n C. m2 + S n C. 



70 

s 
The com-pressibility m2 can be written as a ratio of the 

s 
compressibility m1k. 

s s 
Rsk = m2 / m1k (3.30] 

Substituting Equation 3.30 into Equation 3.29 gives, 

s 
Rsk - 1 - (1 - S + h S) n / (ua mIk) 

duw = ------------------ dua 
s 

Rsk + S n Cw / mtk 

1 
+ ---------- day [3.31] 

s 
Rsk + S n Cw / mtk 

E~lation 3.31 can be further simplified as follows: 

[3.32] 

where: 

Rtk = 
Rsk - 1 - (1 -

Rsk + S 

S + h S) n 

s 
n Cw / mtk 

/ 
s 

(ua m1k) 

1 

s 
Rsk + S n Cw / mtk 

There are two unknowns (i.e., duw and dUa) in Equations 3.32. In 

order to compute the pore pressure changes, a second independent equation 

is derived by considering the change in the volume of air. The change in 
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volume is described by the constitutive relation for the air phase (i.e., 

Equation 3.15). The volume change due to the compression of air, dVa , is 

computed from the compressibility of the air (i.e., second term in 

Equation 3.27) multiplied by the pore fluid volume (i.e., nV) and the 

total stress increment, day 

dVa (1 - S + h S) n dUa 
= [3.33] 

V Ua 

The volume change given by the constitutive relation for the air 

phase (i.e., Equation 3.15) must be equal to the volume change due to 

compression of the air (i.e., Equation 3.33), 

a a (1 - S + h S)n 
mlk d(oy - ua) + m2 d(na - u.) = dUa [3.34] 

na 

where: 

a 
mlk = slope of (Va / Vo) versus (Oy - ua) plot for Ko-Ioading 

This second equation (i.e., Equation 3.34) can be written to give 

the change in the pore-air pressure, dUa, due to a total stress 

increment, day. 
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dlla = --------------- duw 
a a 

m2 - mlk - (1 - S + h S) n / Ua 

--------------- day [3.35] 
a a 

m2 - mlk - (1 - S + h S) n / Ua 

a a 
The relationship between the moduli m2 and mlk can be expressed as a 

ratio, Rak. 

[3.36]

Equation 3.35 can be written in terms of Rak. 

dlla = 

Rak - 1 - (1 

Rak 

- S + h S) n / 
a 

(ua mlk) 

duw 

Rak - 1 - (1 

1 

- S + h S) n / 
a 

(lla mlk) 

doy [3.37] 

In a simple form, Equation 3.37 can be written; 

[3.38] 
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where: 

Rak 

a 
Rak - 1 - (1 - S + h S) n / (lla mlk) 

1 

a
Rak - 1 - (1 - S + h S) n / (lla mlk)

The pore-air and pore-water pressure parameters for Ko-undrained 

loading can be written as Ba and Bw parameters, respectively. These pore 

pressure parameters are defined as follows: 

dUa-
Ba [3.39]= 

day

du.
B., = (3.40] 

doy 

Equations 3.32 and 3.38 can be expressed in terms of the pore 

pressure parameters. 

[3.41] 

[3.42] 

Substituting Equation 3.41 into Equation 3.42 results in an equation 

for the Ba pore pressure parameter, 

-
[3.43]Ba = 
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Similarly, Equation 3.42 can be substituted into Equation 3.41 to 

give an equation for the Bw pore pressure parameter. 

[3.44] 

The pore-air and pore-water pressure responses at any stress state 

during Ko-undrained loading can be computed directly using the Ba and Bw 

pore pressure parameters. 

A computer program called "UNDRA" was written to compute the 

pore-air and pore-water pressure parameters as derived in Equations 3.43 

and 3.44. The listings are given in Appendix A. 

3.2.5 Hilf's analysis 

Hilf (1948) outlined a procedure to compute the change in pore 

pressure as a result of an applied total stress. His information can be 

rearranged in the form of a pore pressure parameter equation. The 

derivation is based on the results of a one-dimensional oedometer test on 

a compacted soil, Boyle's law and Henry's law. A relationship between 

total stress and pore pressure was established. This method has been 

extensively used by the United states Bureau of Reclamation (i.e., 

U.S.B.R.) and has proven to be quite satisfactory in practice (Gibbs, 

Hilf, Holtz and Walker, 1960). This method is often referred to as the 

U.S.B.R. method for the prediction of pore pressures in compacted fills. 

The same formulation for the estimation of pore pressures in compacted 

soils has also been promoted by Bishop (1957). 
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Hilf (1948) stated: "To illustrate the role of air in the relation 

between consolidation and pore pressure, consider a sample of moist earth 

compacted in a laboratory cylinder (i.e., Figure 3.10). If a static load 

is applied by means of a tight-fitting piston, permitting neither air nor 

water to escape, it is found that there is a measurable reduction in 

volume of the soil mass." The reduction in volume was assumed to be the 

result of compression of free air and air dissolving into water. The 

soil solids and the water are assumed to be incompressible. Vapor 

pressure and temperature effects are also assumed to be negligible. The 

amount of dissolved air in the water is computed in accordance with 

Henry's law. The free and dissolved air are regarded as a single total 

volume of air at a particular pressure. The change in pore-air pressure 

between the initial and final loading conditions is c9mputed using 

Boyle's law. 

The initial and final conditions considered in Hilf's analysis are 

shown in Figure 3.11. The total volume of air associated with the 

initial condition, Vao , can be written as follows: 

Vao = [(1 - So) no + h So no] Vo [3.45] 

where: 

Vao = initial volume of free and dissolved air 

So = initial degree of saturation 

no = initial porosity 

Vo = initial volume of the soil 



INITIAL FINAL 

TOTAL STRESS 

PORE-AIR PRESSURE 

o 
Uao 

dCTy 

Uaf == Uao + dUa 

VOLUME RELATIONS 

" " .. 
.... I> 

.0" eo· eo 

.. 0'" ... "," .. ..,,'" .... " .... 
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Figure 3.11 Initial and final conditions considered in Hilf's analysis 
-.:J 
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The first and second terms in Equation 3.45 represent the free and 

dissolved air volumes, respectively. The initial absolute pore-air 

pressure is denoted as Uao and can be assumed as atmospheric conditions 

(i.e., 101 kPa). An increment in the major principal stress, day, is 

then applied to the soil specimen under the Ko-undrained loading 

condition. The total volume of air decreases and the air pressure 

increases in accordance with Boyle's law. The air volume change is equal 

to the void volume change, dVy , since the soil solids and water are 

assumed to be incompressible. Therefore, the air volume change can be 

written as a change in porosity (i.e., dn = dVy / Vol times the initial 

volume of soil, Vo , as illustrated in Figure 3.11. The total volume of 

air under final conditions, Vat' can be expressed as, 

Vat = [(1 - So) no + h So no - dn] Vo [3.46] 

~~e:

Vat = final volume of free and dissolved air 

dn = change (i.e., decrease) in porosity 

The final absolute air pressure, Uaf, can be written as the initial 

absolute pore-air pressure plus the change (i.e., increase) in pore-air 

pressure, 

Uaf = Uao + dna [3.47] 

where: 

dUa = change (i.e., increase) in absolute pore-air pressure 
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Boyle's law can be applied to the initial and final conditions of 

the free and dissolved air. 

uao Vao = Uaf Vaf [3.48] 

Substituting the initial condition (i.e., Equation 3.45) and the 

final condition (i.e., Equations 3.46 and 3.47) into Equation 3.48 gives, 

uao [(1 - So) no + h So no] Vo 

= (uao + dUal [(1 - So) no + h So no - dn] Vo [3.49] 

Rearranging Equation 3.49 yields an expression for the change in 

pore-air pressure, dUa. 

dn 
dUa = Uao [3.50] 

(1 - So) no + h So no - dn 

Equation 3.50 is commonly called as Hilf's equation. It provides a 

relationship between the change in pore-air pressure and the change in 

pore-air volume (i.e., dn) during a Ko-undrained loading. If the change 

in porosity is known, the change in pore-air pressure can be computed 

from Equation 3.50. For example, in order to reach saturation the soil 

volume change, ~vv, must equal the volume of free air (i.e., 

(1 - So) no Vol (see Figure 3.11). Therefore, the change in porosity 

required for saturation can be written as, 

~ n = (1 - So) no [3.51] 
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Substituting Equation 3.51 into Equation 3.50 gives the absolute 

pore-air pressure change (i.e., pressure increase required for saturating 

a soil). 

1 - So 
= uao [3.52] 

So h 

where: 

atlas = pore-air pressure change (i.e., increase) required for 

saturation 

Equation 3.50 can be written in an alternate form by replacing dn 

with (dVy / Va): 

dVy dUa 
= (1 - So + h So) no [3.53] 

where: 

dVv 
= change in volume of voids, referenced to the initial volume of 

Va 
the soil (i.e., porosity change, dn) 

Equation 3.53 describes the volume change due to the compression of air. 

The soil volume change can also be predicted from the constitutive 

relations for the soil structure. Hi1f (1948) assumed that the matric 

suction of the soil was negligible and that the change in pore-air 

pressure was equal to the change in pore-water pressure (i.e., dUa = 
du.). He also assumed that the constitutive relation for the soil 

structure could be obtained by saturating the soil in an oedometer test 

(i.e., under constant volume conditions) and measuring its volume change 
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upon increasing loadings (i.e., saturated consolidation). The volume 

change of the soil structure was then expressed as, 

dVy 

= Illy d(oy - ua) [3.54] 

where: 

Illy = coefficient of volume change measured on a saturated soil in a 

one-dimensional oedometer test. 

s 
The soil compressibility, mt, is assumed to be equal to the 

coefficient of volume change, Illy, measured under saturated conditions. 

The pore-pressure parameter for Ko-undrained loading can be derived using 

Hilf's analysis by equating the volume change of the soil structure 

(i.e., Equation 3.54) to the volume change due to the compression of air 

(i.e., Equation 3.53). 

dtla 
Illy doy - Illy dUa = (1 - So + h So) no [3.55]

Uao + dUa 

Equation 3.55 can be rearranged and solved for the change in pore-air 

pressure. 

1 
dUa = ----------- doy [3.56] 

(1 - So + h So) Do 
1 + 

(Uao + d~) my 
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-
The Ba pore pressure parameter derived from Hilf's analysis can be 

written as, 

1-
Ba = [3.57] 

(1 - So + h So) no 
1 + 

where: 

Ba = pore-air pressure parameter (i.e., dUa / day) for Ko-undrained 

loading in accordance with Hilf's analysis. 

An increase in pore-air pressure due to a total stress increase can 

be predicted using Equation 3.56. The final pore-air pressure can be 

computed from the initial pore-air pressure, uao, and the change in pore-

air pressure, dUa. Equation 3.56 is nonlinear because the unknown term, 

dUa, appears on both sides of the equation. An iterative technique is 

required in solving Equation 3.56. The "UNDRA" program also accommodates 

the computation of Ba parameter based on Hilf's analysis (Appendix A). 

The coefficient of volume change, my, varies depending upon the 

magnitude of total stress, aye Therefore, an average value of mv can be 

used in Equations 3.56 and 3.57 when considering a total stress change, 

day. The Ba pore-air pressure parameter is obtained by dividing the 

pore-air pressure increase by the total stress increase (i.e., Equation 

3.57). The Ba pore-air pressure parameter is assumed to be equal to the 

Bw pore-water pressure parameter in Hilf's analysis. As a result, the 

difference between a change in pore-air pressure and pore-water pressure 

cannot be isolated when using Hilf's analysis. In practice, the changes 

in pore-air pressure have generally been assumed to be equal to the 
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changes in pore-water pressure. The initial pore-water pressure is often 

taken as being equal to zero. As a result, the computed pore-water 

pressures may be somewhat high or conservative for design purpo~es.

3.2.6 Pore-water pressure parameters for constant water content test 

The Ko-loading shown in Figure 3.10 can also be applied to soils 

under constant water content conditions. In the constant water content 

test, only the water phase remains undrained while the air phase is 

allowed to drain .. As a result, there is no excess pore-air pressure 

developed (i.e., dUa = 0). In other words, the B pore-air pressurea 

is equal to zero. 

The change in the pore-water pressure, duw, can be calculated from 

Equation 3.26 by setting the pore-air pressure change, dUa, to zero. 

d~ = 
s 

mlk 
( 

- Caw n 
) day [3.58] 

s 
m2 

The Bw pore-water pressure parameter derived from Equation 3.58 

takes the following form: 

s 
mlk - Caw n 

[3.59] 

where:

Bw = duw/day for Ko-Ioading under constant water content conditions
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The compressibility of the pore fluid, Caw, in Equation 3.59 will 

not be zero. The air compressibility remains significant even if the 

pore-air is allowed to drain during the constant water content test. In 

other words, the Ba parameter in the pore fluid compressibility equation 
-

(i.e., Equation 3.13) is not zero and its value must be computed. The Ba 

parameter calculated in accordance with Hilf's analysis can be used to 

compute the pore fluid compressibility, Caw, in Equation 3.59. 

3.3 Derivations of the Differential F~ation for Water Flow 

The excess pore pressures developed during undrained loading can be 

dissipated to the initial pore pressures during a process called 

consolidation. In this process, the pore fluids are allowed to drain 

until an equilibrium condition is reached under a new stress state. The 

changing pore pressures during consolidation can be described by a flow 

equation which is derived in this section. 

Two partial differential equations for solving the pore-air and 

pore-water pressures during the consolidation process of an unsaturated 

soil have been presented by Fredlund and Hasan (1979). In the case of a 

continuous air phase, the excess pore-air pressures commonly undergo an 

almost instantaneous dissipation during the consolidation process 

(Madedor, 1967 and Barden, 1974). In other words, only the water phase 

undergoes a transient process during consolidation. This behavior can be 

attributed to the significantly greater permeability with respect to the 

air phase, ka , than to the water phase, k.. Barden and Pavlakis (1971) 

reported that the permeability with respect to the air phase, ka , can be 

five to seven orders of magnitude higher than the permeability with 

respect to the water phase, k•. 
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The consolidation theory. presented in this chapter is based on the 

assumption of a continuous air phase and an instantaneous dissipation of 

the excess pore-air pressures. Therefore, only the differential equation 

for the water flow is required to describe the transient consolidation 

process. Several other assumptions used in the derivation are similar to 

those proposed by Terzaghi (1943) and Biot (1941). An outline of 

assumptions is as follows: 1) isotropic soil; 2) infinitesimal strains; 

3) linear constitutive relations for small strai.ns; 4) the coefficient of 

permeability with respect to water is a function of matric suction during 

the transient process; 5) the effects of air diffusing through water, air 

dissolving in water, and the movement of water vapor are ignored. 

The necessary physical relations required for deriving the 

differential flow equation are a flow law and a constitutive equation for 

the water phase. The flow law relates the flow rate to the driving 

potential that causes the water to flow. The hydraulic head gradient is 

the driving potential for water flows in both saturated and unsaturated 

soils (Freeze and Cherry, 1979). 

The necessary constitutive equation describes the water volume 

change in terms of the changes in the stress state variables of the 

unsaturated soil (Fredlund and Morgenstern, 1976). The flow law and the 

constitutive equation are presented prior to deriving the differential 

equation for the water flow. 

The flow of water can also occur when the pore-water pressures are 

altered at the soil boundaries (i.e., top or bottom or both). As an 

example, the lowering of water table can cause the pore-water pressures 

in the unsaturated zone to become more negative or the matric suction to 

increase. The changing pore-water pressures during the increasing matric 
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suction process can also be described by the same differential flow 

equation as derived for the consolidation process. 

3.3.1 Flow law 

Darcy's law can be applied to the flow of water through an 

unsaturated soil (Buckingham, 1907; Richards, 1931; Childs and 

Collis-George, 1950). 

vw [3.60] 

where: 

Vw = flow rate of water in the y-direction 

kw = coefficient of permeability with respect to the water phase 

=. hydraulic head gradient in the y-direction 

In an unsaturated soil, the coefficient of permeability, kw, is not 

a constant but varies significantly with the water content in the soil. 

The change in void ratio may be of secondary importance in affecting the 

coefficient of permeability (Fredlund, 1982). Childs and Collis-George 

(1950) verified the application of Equation 3.60 for unsaturated soils. 

A column of unsaturated soil with a uniform water content and a constant 

water pressure head was subjected to various gravitational head 

gradients. The coefficient of permeability, kw, was shown to be 

"constant" for various hydraulic head gradients (i.e., in this case, only 

the gravitational head was varied) (Figure 3.12). In other words, the 

rate of water flow through an unsaturated soil is linearly proportional 
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Figure 3.12 Experimental verification of Darcy's law for water flow in 
unsaturated soils (from Childs and Collis-George, 1950) 
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to the hydraulic head gradient with kw being a constant for a constant 

water content. 

3.3.2 Constitutive equation 

The constitutive equation for the water phase relates the water 

voll00e change in a soil element to the changes in net normal stress and 

matric suction (Figure 3.13 and see also Section 3.2.2.). 

dVw w w 
= fit d(o - ua) + m2 d(ua - u.) [3.61] 

where: 

dVw 
= water volume change in the soil element with respect to the 

initial volume of the element 

Vw = volume of water in the element 

Va = initial volume of the soil element 
w 

mt = coefficient of water volume change with respect to a change in 

net normal stress, d(a - ua) 
w 

m2 = coefficient of water volume change with respect to a change in 

matric suction, d(ua - uw) 

The total stress, 0, is maintained constant during consolidation 

(i.e., a 01 at = 0). The excess pore-air pressures are dissipated 

instantaneously and therefore, will not be a function of time during the 

transient process (i.e., aUal at = 0). As a result, Equation 3.61 can 

be simplified as, 

dVw w 
[3.62] 
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3.3.3 Differential equation for water flow 

The differential equation for the flow of water in an unsaturated 

soil can be formulated by considering a referential element of 

unsaturated soil as depicted in Figure 3.14. The net flux of water 

through the element can be computed from the volume rates of water 

entering and leaving the element within a period of time. 

av. av. 
= (vw + ----dy) dx dz - v. dx dz [3.63]

at ay 

where:

dV. = water volume change in the soil element for a specific time, dt

= net flux of water through the soil element 

v. = water flow rate across a unit area of the soil element in 

the y-direction 

dx, dy, dz = infinitesimal dimensions in the x-, y-, and z-directions, 

respectively 

Expressing the net flux of water per unit volume of the soil element 

and rearranging Equation 3.63 yield, 

at = 
ay 

[3.64] 

where: 

= initial total volume of the soil element (i.e., dx, dy, dz) 

= net flux of water per unit volume of the element 
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Figure 3.14 Unsteady state water flow during one-dimensional 
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Substituting Darcy's law for the flow rate of water, v., (i..e., 

Equation 3.60) into Equation 3.64 gives, 

[3.65]= 

where: 

k. = coefficient of permeability with respect to water as a function 

of matric suction or water content which varies with location in 

the y-direction (i.e., kw(ua - uw» 

hw = hydraulic head (i.e., gravitational plus pore-water pressure 

heads or y + uw/ Pwg) 

y = elevation 

Uw = pore-water pressures 

P • = density of water 

g = gravitational acceleration 

= hydraulic head gradient in the y-direction 

Rearranging Equation 3.65 results in 

a (Vw/Vo) a 2hw akw ahw 
= - (kw -- + -- --) [3.66] 

at a y2 a y a y 

Substitute (y + Uw /Pwg) for hw into Equation 3.66 as follows: 
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i1 2 [Y +~] a [y +~]
a (V"/Vo ) P"g akw p"g 

= - (k" + -- ) [3.67] 
at ay2 3y ay 

..:' 

a (V"/Vo ) k. a2u" 1 ak. au" ak" 
= -(--- + ------ + -) [3.68] 

at P"g ay2 p"g ay ay ay 

The net flux of water per unit volume of the soil element can also 

be computed by differentiating the water phase constitutive relation 

(i.e., Equation 3.62) with respect to time, t: 

[3.69] 

Equations 3.68 and 3.69 can then be equated to give the differential 

equation for the water flow in an unsaturated soil: 

k" a2u" 1 ak" au" 1 ak" 
= ----- + --- -- -- + --- [3.70] 

at 

The inclusion of the gravitational component of hydraulic head in 

the above derivation results in the third term of Equation 3.70 (i.e., 

11m2 " (a k./ a y». In some cases, this term can be considered negligible 

as compared to the other terms. If the gravity term (i.e., the third 

term in Equation 3.70) is neglected, a simplified form of the 

differential flow equation can be written as follows: 
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w a2Uw Cv 
w 

akw au. 
= cv ---+----- (3.71]

ay2 kw ay ay 

where: 

w 
Cv = coefficient of consolidation with respect to the water phase 

w w 
(i.e., k.1 Pwg m2). The Cv coefficient for an unsaturated soil 

varies with suction since kw decreases significantly with 

increasing matric suctions. 

The water flow equation in Equation 3.70 reverts back to Terzaghi's 

consolidation equation for saturated soils when the permeability is 

considered to be constant. 

= (3.72] 

where: 

ks = coefficient of permeability with respect to water when the soil is 

saturated 

• mv = coefficient of volume change which is equal to m2 at saturation 

The water flow equation 3.70 or 3.71 can be used to compute 

pore-water pressures at different depths and times during the 

consolidation or the increasing matric suction processes (i.e., the 

drained processes). The relationships required to solve Equation 3.70 

are the soil-water characteristic curve (i.e., V.IVa versus (ua - u.» 

and the permeability function (i.e., k.(ua - uw) or k.(Sw». The slope 

of the soil water characteristic curve is defined as the coefficient of 
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w 
water volume change, m2 (Figure 3.13). The permeability function can 

also be formulated indirectly from the soil-water characteristic curve of 

the soil. On the other hand, the permeability of an unsaturated soil can 

be calculated directly from the outflow and suction measurement during a 

transient process. The methods used to obtain the above relationships 

are presented in Appendix B. 

The pore-water pressure changes, duw, computed from E~lation 3.70 or 

3.71 can be substituted into Equation 3.62 in order to calculate the 

water volume changes, dVw, during the transient process. Similarly, the 

soil volume changes, dVv , during the transient process can be calculated 

as follows: 

dVv s 
= - m2 duw [3.73] 

Va 

where: 

dVv 
= soil volume change referenced to the initial total volume 

Vv = volume of soil voids 

Va = initial total volume of the soil 

s 
m2 = coefficient of soil volume change with respect to a change in 

matric suction 

3.3.4 Finite difference fo~ of the transient flow equation 

Equation 3.70 or 3.71 can be written in a finite difference 

numerical form. The derivation of the finite difference form for the 

equations are presented in Appendix A. The first step is to discretize 
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the soil mass with respect to depth, i, and time, j, as illustrated in 

Figure 3.15. The second step is to rewrite the differential equation for 

the water flow (i.e., Equation 3.71) into a finite difference form as 

follows: 

uw(i, j + 1) - Uw (i, j) 
= 

w uw(i + 1, j) - 2 Uw (i, j) + Uw (i - 1, j)
cv +

~y2

w 
cv kw (i, j) - kw (i - 1, j) Uw (i, j) - Uw (i - 1, j) 

( ) ( ) [3.74] 
kw ~y ~y

Rearranging Equation 3.74 results in, 

f3w 
Uw (1, j + 1) = Uw (i, j) + ~w Glw + -- Klw G2w [3.75] 

kw 

where: 
w 

~t cv 
f3w = 

~y2

GIW = Uw (i + 1, j) - 2uw (i, j) + Uw (i - 1, j)

Klw = kw (i, j) - kw (i - 1, j)

G2w = Uw (i, j) - Uw (i - 1, j)

Equation 3.75 is an explicit finite difference scheme that can be 

solved using a marching forward technique from known initial and boundary 

conditions. 
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3.3.5 Finite difference solution 

An example case is presented in this section in order to illustrate 

the process of solving the finite difference equation 3.75. Consider a 

one-dimensional water flow through a column of unsaturated soil as shown 

in Figure 3.16. This case is typical of the soil tests that will be 

performed in the experimental program of this thesis (see Chapter IV). 

The soil column is placed on top of a high air entry disc which is 

connected to a pore-water pressure controlling system. The pore-water 

pressures in the soil during the transient water flow can be calculated 

in accordance with Equation 3.75. In this case, the soil column is 

discretized into n layers with each layer having a thickness of ~y

(Figure 3.16). 

The initial pore-water pressures in the soil (i.e., Uw (i, 0) = uo) 

constitute the initial conditions. The pore-water pressures in the sojl 

can be changed by altering the water pressures in the compartment below 

the high air entry disc. As an example, the water pressures in the 

compartment is reduced from Uo to Ut causing the pore-water to flow 

downward in a one-dimensional manner (i.e., lateral flow is negligible). 

At the base of the column (i.e., at i =0 in Figure 3.16) the soil is in 

contact with the disc. The boundary condition at this node can be 

established by considering the continuity of water flow at this 

interface. The flow rate of water at the base of the soil column can be 

computed using Darcy's law (i.e., Equation 3.60) and by neglecting the 

gravitational head. 

Uw (1, j) - Uw (0, j + 1) 
[3.76]Vw at interface = - kw 

~y
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where: 

Vw at interface = flow rate of water at node 0 (i. e. , i = 0) 

~y = discretized layer thickness 

Pw = water densit.y 

g = gravitational acceleration 

The high air entry disc has a thickness of ho. and a coefficient of 

permeability with respect to water of kd. The disc is assumed to be 

incompressible and the water pressures in the disc vary linearly wit.h 

depth. The water flow rate entering the disc at the interface can also 

be calculated using Darcy's law (i.e., Equation 3.60) as follows: 

uw (0, j + 1) - Ut 1 
Vw at interface = - kd [3.77] 

where: 

kd = coefficient of permeability of the disc with respect to water 

h<I = thickness of the disc 

Ut = controlled water pressures in t.he compartment below the disc 

The water flow rates at the interface computed from Equations 3.76 

and 3.77 must be equal. 

kw kw k<i 
- uw(1, j) - - uw (0, j + 1) = - Uw (0, j + 1) - - Ut [3.78] 
~y ~y hd h<I 

Rearranging Equation 3.78 yields, 
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(kw/4y) Uw (1, j) + (kd/hd) Ul 
Uw (0, j + 1) = [3.79] 

(kw/4y + kd/hd) 

where: 

Uw (0, j + 1) = pore-water pressure at the base of the soil which is 

in contact with the high air entry disc 

Equation 3.79 constitutes the boundary condition at the base of the 

soil column (B~shop and Gibson, 1963). This boundary condition 

determines the pore-water pressure at the interface which is a function 

of the soil and disc properties. The pore-water pressure right above the 

interface, Uw (1, j + 1), can then be calculated in accordance with 

Equation 3.75 using its initial pressure, Uw (1, 0), and the computed 

pore-water pressure at the interface boundary, Uw (0, j + 1). The 

calculations are then marched forward to the upper nodes using the finite 

difference scheme given in Equation 3.75 and the initial pore-water 

pressures at each node, Uw (i, 0). 

The top of the soil column is treated as an impermeable boundary 

(Figure 3.16). However, water vapor flux at the top cannot be completely 

eliminated as explained in later chapters. This flux boundary condition 

at the top can be compensated for in the analysis although the amount of 

water loss through vapor flux would likely be negligible. The flux can 

be calculated as the flow rate of water at the top of the soil. 

Uw (n, j + 1) - Uw (n - 1, j + 1) 1 
Vw at top = - kw [3.80] 

4y Pwg 
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Rearranging Equation 3.80 gives the pore-water pressure at the 

uppermost boundary, 

~y Pw g 
Uw (n, j + 1) = Uw (n - 1, j + 1) - ------- Vw at top [3.81] 

where: 

Uw (n, j + 1) = pore-water pressure at the uppermost node 

Uw (n -1, j + 1) = pore-water pressure at the node below the uppermost 

node 

Vw at top = water flow rate equivalent to water vapor flux at the 

top of the soil column 

Equation 3.81 constitutes the uppermost flux boundary condition for 

the soil column considered in Figure 3.17. The water flow rate, 

Vw at top, in Equation 3.81 is a function of the surrounding environments 

around the soil column (i.e., temperature and relative humidity). The 

influence of this uppermost boundary condition is transferred to the 

lower nodes at consecutive time steps. 

The above procedure is repeated for the next time step using the 

known pressures at the previous time step. The computation is started 

from the base of the soil column by satisfying the boundary condition in 

Equation 3.79. The calculations are then marched forward to the upper 

nodes using the finite difference scheme in Equation 3.75 and the values 

computed from the previous time step. The uppermost node is computed in 

·accordance with Equation 3.81 in order to satisfy the flux boundary 

condition at the top of the soil column. The time step, ~t, and the 

layer thickness, ~y, must be selected such that the ~ value (i.e., 
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" 
~ t Cv / ~y2) in Equation 3.75 wi 11 not exceed 0.5 in order to assure 

convergence and stability (Desai and Christian, 1977) . In the case of a 

" constant Cy value is used in the analysis, the third term in Equation 

" " implies a3.75 vanishes. A constant Cy value (i.e., k,,/ Pw g m2) 

constant k". It is the variations in the k" values that predominantly 

" cause variations in the Cy values. 

A computer program that performs the above finite difference 

calculation was written and is called "CONSN". The listing of the 

program in Fortran language is presented in Appendix A. 

3.3.6. COllpUter progrma verification 

The computer program "CONSN" was written to solve the differential 

equation for the water flow in an unsaturated soil (i.e., Equation 3.70). 

The program was verified against the closed form solution of Terzaghi's 

consolidation equation (i.e., Equation 3.72) as presented by Taylor 

(1948). 

A one-dimensional consolidation of a saturated soil column was 

" considered for the verification analysis (Figure 3.17). A constant Cy 

value was used in the analysis (i.e., Equation 3.72). 

The influence of number of layers used in the finite difference 

solution computed by CONSN program was first investigated. The soil 

column in Figure 3.17 was analyzed using 20, 40 and 80 layers with the 

same boundary· conditions and soil properties. The computed pore-water 

pressure isochrones and the volume changes at different times (i.e., 

degrees of consolidation, U) are compared with the results obtained from 

the closed form solutions (Appendix A). The comparisons indicate that 



103 

-.--~~~~~~~-IMPERVIOUS

SOIL 

H= 0.2m 
Uw ( i J 0 ) = 100 k Po 

~-

.-

0 •••••••••• :': .'::. ~
: ': ..... :.:: '.: .... '. . . 
U • 100 kPa 

W 

BOUNDARY 

Vo = 1.6 E- 3 m3 

my IE-3 kPa- 1 
= 

CW 2y 1.09 E-a m Is= 

kw = 1.07 E - 10 m/s 

AT 100% CONSOLIDATION 

~uw = 100 kPa 

~Vy • .6Uw x my x Vo 
l= 160 cm 

DOWNWARD 
- ONE - DIMENSIONAL 

WATER FLOW 

_ PERVIOUS 
BOUNDARY 

hd = 
O.Olm 

( k,,_. 4.2 X10-s m/s ) 

REDUCE TO 0 

Figure 3.17 One-dimensional, single drainage consolidation process 



104 

the finite difference solution from t.he CONSN program approaches the 

closed form solution as the number of layers is increased (i.e., finer 

discretization). However, the 40 layer discretization appears to be 

essentially the same as the closed form solution for all practical 

purposes. Figure 3.18 illustrates the close agreement between the 

results obtained from the CONSN program and the closed form solution for 

40 layer discretization. 

The influence of the boundary condition at the base of the soil 

column (i.e., Equation 3.79) on the solution of CONSN program was also 

studied. As an example, the impedance from the reduction of the 

permeability of the disc, kd' on the transient process is shown in Figure 

3.19. The permeability of the disc can also decrease due to clogging of 

the pores by fines from the soil. As this occurs, the pore-water 

pressures are not dissipated as fast as the condition without impedance 

as depicted in Figure 3.19a. Consequently the rate of volume changes 

will be slower than for the free drainage condition (Figure 3.19b). 

The uppermost boundary condition (i.e., Equation 3.81) can be varied 

in response to a water vapor flux. As an example, a vapor efflux 

equivalent to a water outflow rate of 5 x 10-13 mls was applied to the 

top of the soil column in Figure 3.17. This water outflow rate was 

approximately 0.5 percent of the soil permeability, kw (i.e., 

1.07 x 10-10 m/s). The pervious boundary condition at the base of the 

column was used in analyzing this example problem using the CONSN 

program. The results are presented in Figure 3.20 with comparisons to 

the closed form solution for the condition of no flux. 

The results indicate that a water efflux at the top significantly 

increases the dissipation rate of the pore-water pressures. 
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CHAPTER IV

LABORATORY PROGRAM

4.1 Introduction 

The behavior of an unsaturated soil during undrained loading 

and consolidation can be better understood through laboratory 

experiments. Therefore, a testing program was established. The program 

involved the development of appropriate equipment, the selection of a 

suitable soil and testing procedure; and eventually the carrying-out of 

relevant tests. All tests were carried out in the soil mechanics 

laboratory at the University of Saskatchewan. Details of the laboratory 

program are presented in this chapter. The experimental results are then 

to be used to test the theory developed in Chapter III. 

4.2 Proposed Research Progra. 

In order to understand the mechanical behavior of an unsaturated 

soil during undrained loading and consolidation, the following objectives 

were proposed for this research program: 

1. To design and build an apparatus that could be used to measure 

pore-air and pore-water pressures in an unsaturated soil during 

Ko-undrained loading and consolidation. Therefore, the equipment 

must be able to accommodate both types of test on an unsaturated 

soil. 

2. To study pore pressure response behavior in an unsaturated soil 

during the undrained loading. 

108 
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3. To study the pore pressure and volume change behavior of an 

unsaturated soil during Ko-consolidation. 

The theory outlined in Chapter III is used to interpret the 

mechanical behavior of the unsaturated soil during the Ko-undrained 

loading and consolidation. 

4.3 Equipment Development 

The development of equipment for testing unsaturated soils requires 

special design considerations. Several factors related to the nature of 

an unsaturated soil must be considered in designing the equipment. The 

presence of air and water causes the testing procedures and techniques to 

be more complicated than those used for saturated soils. The equipment 

must be able to accommodate the independent measurement and/or control 

for the pore-air and pore-water pressures. The following sections 

describe the stages, involved in the development of the equipment 

required to satisfy the first objective of this research program. 

4.3.1 Design and construction 

The criteria used in designing the main apparatus for the testing 

program is as follows: 

The equipment must be able to accommodate the one-dimensional 

undrained loading and consolidation tests on unsaturated soil specimens 

(i.e., under Ko-loading conditions). Ko-Ioading requires negligible 

strains in the lateral directions. The undrained condition can be 

maintained if leakage or diffusion of pore fluids during loading is 

minimized. Appropriate drainage boundary conditions for the air and 

water phases must be provided for the consolidation test of an 
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unsaturated soil. The low and high air entry discs are commonly used to 

separate the drainage boundary conditions for the air and water phases 

respectively. 

The equipment must accommodate the application of a matric suction 

ranging from zero to 100 kPa. The experimental range of matric suction 

was limited to 100 kPa in order to ensure reasonable testing periods. 

The time required for equilibrium increases rapidly with increasing 

matric suctions due to the extremely low permeability of unsaturated 

soils at high suctions. In addition, higher matric suctions in the soil 

require discs with a higher air entry value. The permeability of the 

disc decreases as the air entry value increases. The reduction in the 

disc permeability can cause too slow a response in the pore-water 

pressure measuring system. 

The equipment should have the ability to control the total stress, 

0, the pore-air pressures, Ua, and the pore-water pressures, uw, 

independently. A loading frame that allows the application of a constant 

stress to the specimen is also required. The independent controls of 

pore-air and pore-water pressures can be achieved through the use of low 

and high air entry discs, respectively. 

The equipment is designed to have the ability to independently 

measure the pore-air and pore-water pressures at various depths along the 

soil specimen and at different times during a consolidation process. The 

pore pressure isochrones during the transient process of consolidation is 

of interest in the verification of the consolidation theory. A tall soil 

specimen is preferred for a better observation of pore pressure 

variations with depths during the transient process. However, a tall 

soil specimen may cause side friction to develop around the specimen 
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during the application of total stress. Therefore, side friction must be 

examined and minimized. 

In nature, the pore-air pressure is usually atmospheric and the 

pore-water pressure is negative. Direct measurements of negative 

pore-water pressures can result in the cavitation of the water in the 

measuring system. Therefore, the axis-translation techrlique (Hilf, 

1956), which translates both the pore-air and pore-water pressures to the 

positive pressure range can be utilized to overcome the problem of 

cavitation. A detailed explanation of the axis-translation technique is 

given in another section of this chapter. However, the use of the 

axis-translation technique does not totally resolve the problems 

associated with pore-water pressure measurements. Although the 

pore-water pressure is positive, pore-air can still diffuse through the 

water and collect in the pore-water pressure measuring system. 

Therefore, a flushing mechanism for the pore-water pressure measuring 

system must be used when testing unsaturated soils. 

4.3.1.1 la-cylinder 

A bronze cylinder was designed and built as shown in Figure 4.]. 

The cylinder wall has an appreciable thickness (i.e., 20~ of the inside 

diameter of the cylinder) in order to ensure negligible lateral 

deformations during Ko-Ioading. The tested soil specimen will have a 

diameter of 10.2 cm and a height of approximately 20 cm. The soil 

specimen is placed into the cylinder between a high air entry ceramic 

disc at the bottom and a low air entry bronze disc at the top. The 

pore-air pressure, Ua, in the soil is controlled through the coarse 
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bronze disc while the pore-water pressure, uw, is controlled through the 

high air entry ceramic disc. 

The total stress, a is applied to the specimen through a loading cap 

(Figure 4.1) using a Conbel 1 loading frame. The Conbel loading frame 

provides a constant total stress using an air pressure applied to a 

rolling diaphragm. The load is then transferred to the soil specimen 

through a piston below the diaphragm. The actual total stress, 0, 

applied to the soil can be assessed by calibrating for the side friction 

developed around the loading cap ( Figure 4.1). The loading cap was 

originally built with two rubber O-rings to prevent leakage during 

undrained loading (see Figure 4.2). However, the side friction developed 

around the loading cap caused experimental problems. Therefore, the 

loading cap was later modified as explained in a later section of this 

chapter. 

The Ka-cylinder was originally lined with teflon in order to 

minimize side friction around the soil specimen. The teflon liner was 

pressed against the inside wall of the cylinder. However, it could not 

be epoxied to the wall. As a result, there was a small gap between the 

teflon liner and the inside wall of the cylinder. Water and air could 

then leak from the soil specimen through the gap between the teflon and 

the cylinder. The ports or openings made for pore pressure measurements 

along the inside wall also allowed water to penetrate between the teflon 

and the cylinder. The la-cylinder was later replaced with a new cylinder 

without the teflon liner. 

lThe Conbel loading frame was manufactured by Karol Warner, Soil 
Testing Equipment. 
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Figure 4.2 Original loading cap with two rubber O-rings. 
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The pore-air and pore-water pressures throughout the depth of the 

soil specimen are measured along the cylinder wall using coarse bronze 

and high air entry ceramic discs, respectively. Details of the pore 

pressure measuring systems are given in next sections. The air and water 

in the soil specimen flow one-dimensionally during the consolidation 

process. Both flows are single drainage where the air phase drains 

upward to the coarse bronze disc at the top and the water phase drains 

downward to the high air entry ceramic disc at the base. The cylinder is 

sealed onto a pedestal using two rubber a-rings to prevent leakage. 

4.3.1.2 Pore-water pressure control 

The pore-water pressure in the soil specimen is controlled through 

the high air disc placed on top of the spiral-grooved pedestal above the 

water compartment (Figure 4.3). The pedestal is attached to the base 

plate as shown in Figure 4.3. The disc is sealed into the pedestal using 

an epoxy resin along the periphery of the disc. The high air entry disc 

acts as semi-permeable membrane that separates the air and water phases. 

The separation of the air and water pressures can be properly achieved 

only when the air entry value of the disc is greater than the matric 

suction in the soil. The air entry value is the maximum matric suction 

that can be applied to the disc before the pore-air can pass through the 

disc. The air entry value of a high air entry disc is primarily 

controlled by the pore sizes in the disc. 

A continuity between the pore-water in the soil specimen and the 

water in the compartment can be established through use of the high air 

entry disc. Therefore, the pore-water pressure in the soil specimen can 

be set to a specific pressure by controlling the water pressure in the 
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compartment. A pressure regulator and a pressure transducer (i.e., 

Channel 16 in Figure 4.3) are used to set the pressure in the 

compartment. Valve A in the base plate is opened while valveB is closed 

when controlling the compartment pressures. Another pressure transducer 

(i.e., Channel 2 in Figure 4.3) is installed immediately below the 

compartment for measuring the controlled pressure. Details on different 

pressure transducers used as part of the equipment are presented in the 

section which deals with equipment performance. 

The spiral grooves inside the water compartment serve as water 

channels for flushing air bubbles that may be trapped or accumulated as a 

result of diffusion (Figure 4.4). Accumulated air bubbles in the water 

compartment cause erroneous measurements of the water pressure in the 

compartment. Flushing can be performed by opening valve B (Figure 4.3) 

and establishing a pressure gradient across the water compartment. The 

pressure gradient is established by controlling a lower pressure at 

valve B (i.e., Channel 15) than at valve A (i.e., Channel 16). 

4.3.1.3 Pore-air pressure control 

The pore-air pressure, Ua, is controlled through a porous element 

which provides continuity between the air voids in the soil and the 

pore-air pressure control system. The porous element must have a lower 

attraction for water or a lower air entry value than the soil specimen in 

order to prevent water from entering the pore-air pressure system. The 

arrangement for the pore-air pressure control on top of the specimen 

using - a coarse porous disc is shown in Figure 4.5. The coarse porous 

disc is connected to the pore-air pressure control through a hole drilled 

in the loading cap. The pore-air pressure, Ua, can be controlled at a 
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desired pressure by opening valve C which is connected to a pressure 

regulator. A pressure transducer is used to set the desired pressure 

prior to opening valve C. The controlled air pressure is measured during 

a test using a pressure transducer (i.e., Channell, in Figure 4.5) which 

is installed on the loading cap. 

4.3.1.4 Pore pressure measurements 

Pore-air and pore-water pressure measuring ports were installed 

along the cylinder as illustrated in Figures 4.6 and 4.7. Five holes 

were drilled through the cylinder wall for the measurement of pore-air 

pressure and another five holes at the same depths were drilled for the 

measurement of pore-water pressure. Details of the pore-water and 

pore-air pressure measuring systems are given in Figures 4.8 and 4.9, 

respectively. The pore-water pressures, uw, were measured through the 

use of high air entry discs (i.e., Channels 3, 4, 5, 6 and 7 in Figure 

4.6) while the pore-air pressures, Ua, were measured through the use of 

coarse porous discs (i.e., Channels 8, 9, 10, 11 and 12 in Figure 4.6). 

A flushing system was provided in the pore-water pressure measuring 

system in order to flush air bubbles that may be trapped or accumulated 

in the water compartment as a result of air diffusion (Figure 4.8). The 

flushing can be performed under a specific pressure which can be set 

using a pressure transducer (i.e., Channel 13 in Figure 4.14). The 

flushing pressure can be set approximately equal to the pressure being 

measured. This will minimize disturbance to the soil specimen. There 

are two valves provided at each water port in order to accommodate the 

flushing mechanism (see Figures 4.7 and 4.8). The water pressure in the 

port is set through the inlet valve and the entrapped air bubbles are 
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Figure 4.7 Design of pore-air and pore-water pressure measuring ·systems. 
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flushed by opening the outlet valve momentarily. The outlet valve is 

connected to atmospheric pressure. The opening of the outlet valve 

results in a pressure gradient that causes the water and the air bubbles 

to surge out from the port. The outlet valve is opened and closed 

several times rlliring the flushing process that takes place over a period 

of two to three minutes. 

The pore pressure measuring systems were designed and constructed to 

conform to the curvature of the cylinder wall in order to minimize side 

friction between the soil specimen and the cylinder. 

4.3.1.5 Total volume change measurements 

The total volume change of an unsaturated soil is equal to the sum 

of the air and water volume changes. The total and the water volume 

changes are usually measured while the air volume change is computed as 

the difference between these two measured volumes. The total volume 

change of a specimen can be obtained simply by measuring the vertical 

deflection of the specimen since radial deformation is zero. The 

vertical deflection is measured using a conventional dial gauge and a 

LVDT (i.e., linear variable differential transformer) transducer. The 

LVDT was used as a back up measurement to the dial gauge. Figure 4.10 

illustrates the setup for the measurement of vertical deflection. The 

LVDT and the dial gauge are attached to the loading piston. 

4.3.1.6 Water volume change measurements 

The water volume change is measured using a conventional 

twin-burette volume change indicator (Figures 4.11, 4.12, and 4.13). A 

small-bore burette (e.g., 10 cm3 volume) can be used as the central tube 
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Figure 4.10 Setup for the vertical deflection measurement using a dial 
gauge and LVDT. 
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in order to achieve a volume measurement accuracy of 0.01 cm3 • Leakage 

has to be essentially eliminated due to the long time periods involved in 

testing. The water volume change can be measured under a controlled back 

pressure by applying an air pressure to the twin-burette. This back 

pressure controls the pressure in the water compartment in the pedestal 

(i.e., through valve A in Figure 4.3) which in turn controls the 

pore-water pressures in the soil. 

Two 3-Way Whitey2 valves and one, 2-Way Whitey valve are used to 

enable the direction of water flow to be reversed, and therefore, 

continuously monitored. The indicator can also be by-passed in order to 

flush diffused air from the water compartment below the high air entry 

disc. Volume changes due to the compressibility of the indicator and the 

fluid in the indicator, as well as water loss through tubes and valves, 

can be essentially eliminated by always reading the burette opposite to 

the direction that the three-way valves are opened. When this procedure 

is not adhered to, errors in the order of 0.1 cm3 can be incurred over 

the duration of one day (Fredlund, 1973). 

If the three-way valves in Figure 4.11 (i.e., T1 and T2) are 

simultaneously opened to the left, the right burette should be read. The 

two-way valve (i.e., valve E) is closed during the volume change 

measurement. The direction of water flow indicated by the arrow heads in 

Figure 4.11 corresponds to the condition where water is coming out of the 

soil specimen. The water-kerosene (with red dye) interface in the right 

2Whitey valves are manufactured by Whitey Company, Niagara Falls, 
Canada. 
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burette moves upward. The opposite condition occurs when water flows 

into the specimen. 

When the water-kerosene interface in the right burette comes near to 

the bottom of the burette, the three-way valves can be simultaneously 

reversed to the right. Readings should then be taken on the left burette 

as illustrated in Figure 4.12. The direction of water flow shown in 

Figure 4.12 still corresponds to the condition where water is coming out 

of the specimen. In this case, the water-kerosene interface in the left 

burette moves upward. The opposite flow direction occurs when water 

flows into the specimen. 

The twin-burette volume change gauge actually measures the change in 

water volume plus the volume of diffused air moving into the compartment 

below the high air entry disc. The volume of diffused air can be 

measured separately and subtracted from the total water volume change. 

The equipment (e.g., diffused air volume indicator, DAVI) and techniques 

for measuring the diffused air volume are referenced to Fredlund (1975). 

For the measurement of the diffused air volume, the three-way valves on 

the twin-burette volume change indicator are closed as shown in 

Figure 4.13. In other words, the water volume change indicator is 

temporarily by-passed when the diffused air volume is measured. At the 

same time, the two-way valve is opened in order to maintain a constant 

water pressure in the compartment. A pressure gradient across the base 

plate is then applied momentarily by opening the valve to the diffused 

air volume indicator (i.e., valve B in Figure 4.3). As a result, air is 

flushed from the compartment (Figure 4.13) and forced into the diffused 

air volume indicator. 
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The layout of the plumbing associated with the control and measuring 

systems for the consolidation equipment is illustrated in Figure 4.14. A 

photograph of the control board for the designed equipment is shown in 

Figure 4.15. The Ko-cylinder and the pore pressure measuring systems 

were built at the Engineering Shop, University of Saskatchewan. 

Figure 4.16 shows the setup of the Ko-cylinder and the control board in 

the laboratory. 

The pressure transducers and LVDT were connected to a data 

acquisition system assembled at the Engineering .Shop (Figure. 4.17). 

Data were recorded and stored in a floppy disk using a microcomputer and 

"Notebook"3 software. In addition, pressure readings were displayed on 

the monitor for observation during tests. The dial gauge and burette 

readings were taken manually. 

3Notebook is an interface program to design a format for a data 
acquisition by entering sampling rates, run durations, scaling constants, 
etc. The program was produced by Laboratory Technologies Corporation, 
Wilmington, MA, U.S.A. 
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Figure 4.17 Data acquisition system and computer used to collpct 
experimental data. 
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Figure 4.15 The control board used in the consolidation equipment. 
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Figure 4.16 Ko-cylinder in the landing frame with the associated control 
board. 
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4.3.2 Equipment calibration and performance 

The measuring and control devices associated with the design 

equipment were calibrated prior to examining the equipment performance. 

Calibration tests are essential for ensuring the correctness of pressure 

and deformation measurements during experiments. 

4.3.2.1 Conbel calibration 

The Conbel loading apparatus was calibrated in order to relate the 

dial readings on the Conbel with the actual total stress applied to the 

specimen. The Conbel reading was first calibrated against a proving 

ring. The measured total load was divided by the cross-sectional area of 

the cylinder to give the total stress that would be applied to the 

specimen. In actual tests, the soil specimen was loaded through a 

loading cap with two rubber a-rings (Figure 4.2). The a-rings were used 

to prevent water and air flows between the loading cap and the cylinder 

wall during the test. However, the sealing action of the rubber rings 

resulted in the development of side friction around the loading cap. As 

a result, the actual total stress applied to the specimen may be less 

than the total stress exerted by the Conbel loading frame. Therefore, a 

second set of calibrations was performed using the loading cap in place, 

in order to determine the magnitude of the friction. 

The second calibration was conducted by filling up the Ka-cylinder 

with water and compressing the water through the loading cap. The 

loading was performed under undrained conditions and the actual applied 

total stress could be read from any pressure transducer in the cylinder. 

The pressure transducers in the cylinder were first calibrated prior to 

calibrating the Conbel loading frame. Both calibration curves for the 
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Conbel loading frame are shown in Figure 4.18. The two curves exhibit 

linear relationships and the difference in pressure calculated from hath 

curves indicates the side friction developed around the loading cap 

(i.e., around 20 kPa). In practice, the total stress computation for a 

test would be performed using the calibration curve based on the actually 

applied total stress. 

4.3.2.2 Pressure transducer calibration 

There are sixteen pressure transducers used for the entire system as 

shown in Figure 4.14. Twelve pressure transducers are installed directly 

on the cylinder (i.e., Channels 1 to 12, inclusive) while the other four 

transducers serve as the control transducers on the control board (i.e, 

Channels 13, 14, 15 and 16). The twelve pressure transducers on the 

cylinder are high precision transducers4 • These transducers have an 

accuracy of ± 0.25% from the best-fit calibration line. All pressure 

transducer calibrations were conducted using a pressure balance5 . The 

calibration curves for the twelve pressure transducers on the cylinder 

are presented in Appendices C.1 to C.12, inclusive. The transducers 

appear to perform well. Figure 4.19 presents the calibration curve for 

Channell. The pressure transducers on Channels 1 and 2 are installed on 

the loading cap (Figure 4.5) and in the base plate (Figure 4.3), 

respectively; and both transducers have a maximum capacity of 345 kPa. 

The pressure transducers Channels 1 and 2 are used to measure the 

pore-air pressures at the top and the pore-water pressures at the bottom 

4Manufactured by Data Instruments, Lexington, MAt U.S.A. 

5Manufactured by Pressurements Ltd., England. 
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of the soil specimen, respectively. The pressure transducers on Channels 

3 to 7 inclusive are installed along the cylinder wall (Figure 4.6) for 

measuring the pore-water pressures throughout the soil specimen's depth. 

The pore-air pressures are measured at the same depths using the pressure 

transducers Channels 8 to 12, inclusive. All of these pressure 

transducers (i.e., Channels 3 to 12 inclusive) have a maximum capacity of 

172 kPa. 

The four control pressure transducers (i.e., Channels 13, 14, 15 and 

16) are Schaevitz pressure sensors6 • These transducers have a maximum 

pressure of 690 kPa and their calibration curves are shown in Appendices 

C.13 to C.16 inclusive. The control pressure transducers are used to 

pre-set the pressures that will be applied to the soil specimen. In 

other words, the control pressure transducers function as pressure 

regulators. Once the pressures are applied to the specimen, the actual 

pore pressures in the soil are read using the twelve pressure transducers 

on the cylinder which have a higher accuracy than the control pressure 

transducers. 

4.3.2.3 Exa.ination of the pore pressure measuring system 

Several tests were conducted on the pore-air and pore-water pressure 

measuring systems (i.e., Figures 4.6 and 4.9 inclusive). First, the 

water or air compartment volume behind the disc was measured for each 

port. The measurements were performed by filling the compartment with 

water and weighing the entire port. The measuring ports can be 

dismounted from the cylinder wall for this purpose. The mass of water 

6Manufactured by Durham Instruments, England. 
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that fills up the compartment gives the volume of compartment. The 

compartment volumes of the measuring ports are tabulated in Table 4.1. 

The volume of the water compartment in the base plate was obtained by 

draining the water-filled compartment and measuring the mass of the 

drained water. 

The second test consisted of measuring the coefficient of 

permeability with respect to water, kd, for the discs installed in the 

measuring ports (i.e., bronze and high air entry discs). The water 

coefficient of permeability and the thickness of the high air entry discs 

affect the time required for equilibration in the soil specimen and the 

response time of the pore-water pressure measuring systems. It is 

desirable to have the highest possible coefficient of permeability for 

the high air entry discs. One bar, high flow, high air entry discs7 

(i.e., high air entry value of 100 kPa) were used in the base plate and 

along the cylinder wall ports. The high flow properties of the disc give 

a higher permeability than for regular discs (i.e., at least one order of 

magnitude higher in permeability). 

The measured coefficients of permeability for the high air entry and 

bronze discs are summarized in Table 4.1. The permeability measurements 

on the high air entry discs were performed by establishing a steady state 

water flow through the disc under a pressure gradient of 100 kPa. The 

permeabilities of the high air entry discs were found to range from 4 to 

6 X 10-8 m/s. The permeability measurements on the bronze discs were 

conducted by flowing water through the disc under various pressure 

7Manufactured by Soilmoisture Equipment Corporation, Santa Barbara, 
California. 



Table 4.1 Measurements on Pore Pressure Transducer Ports 

Type Port. Compartment. Coefficient of Permeability Ai r Entry Value Disc 
of No. volume of the disc (ua - U..,)b Thickness 

Discs [cm31 kd [m/s] (kPa] hd [rrm] 
........................................................................................................... _ ......................................................................................n ....................................................................................................................................................................

2 4.95 4.20 x 10-8 > 200 10.0 
(Base 
plate) 

H.A.E.D.* 3 1.80 5.12 X 10-8 115 
4 1 .53 3.92 x 10-8 130 
5 1.88 3.98 x 10-8 110 ~...... 6.4 
6 1 .67 5.09 x 10-8 130 
7 2.02 5.60 x 10-8 150 

8 0.92 Decreases from 
9 1.07 4.0 x 10-5 m/s to 

Bronze 10 1 .09 4 . 0 x 10-6 m/s 6.4 
11 l.05 (at 170 kPa pressure 
12 1. 27 gradient) 

see corresponding figure 

*H.A.E.D. : High air entry ceramic discs 

~

,J:o
VJ 
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gradients. The permeability of the bronze disc decreased with increasing 

pressure gradients (Figure 4.20). This may be caused by turbulent water 

flows at high pressure gradients. 

The high air entry disc in the base plate is thicker than the discs 

installed along the cylinder wall (Table 4.1). A higher stress was 

expected on the base plate than on the cylinder wall. 

The third test was associated with the air entry values of the 

ceramic discs used in the pore-water pressure measuring systems. 

Although one-~r high air entry discs were used, their air entry values 

were found to be greater than 100 kPa (Figure 4.21). The air entry value 

of the ceramic disc used in the base plate even exceeded 200 kPa. 

Nevertheless, the coefficient of permeability with respect to water, kd, 

for all the high air entry discs was essentially the same (Table 4.1). 

The air entry value measurements were conducted by applying an air 

pressure to one side of the saturated disc while the other side was 

connected to a water-filled burette. The water level in the burette 

would not change as long as the air and water pressures difference did 

not exceed the air entry value of the disc. Once the air entry value was 

exceeded, air would pass through the disc and move the water level in the 

burette. The measured water volume changes in the burette at various 

times after reaching the air entry value are plotted in Figure 4.22. 
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4.3.2.4 Performance of pore pressure measl~ing systems 

The performance of each measuring port was examined by observing the 

pressure transducer response to an applied pressure. The Ko-cylinder 

(i.e., Figure 4.1) was filled with water and the loading cap at the top 

was used to seal the cylinder. A constant air pressure was then applied 

to the water surface through the loading cap. The loading cap was 

prevented from moving upward by locking the loading piston. As soon as 

the air pressure was applied to the water in the cylinder, the pressure 

. transducers around the cylinder responded. The response pressures 

increased rapidly towards the applied air pressure within a period of 

less than 15 seconds. Figure 4.23 presents the response characteristic 

of the pore-water pressure measuring system No. 5 or Channel 5 (i.e., 

midpoint of the cylinder height). The quick responses of all measuring 

systems around the cylinder are shown in Appendices C.17 to C.28, 

inclusive. The response time of the pore-air and pore-water pressure 

measuring systems around the cylinder can in general, be considered to be 

negligible as compared to the time required for the unsaturated soil to 

reach equilibrium. 

The performance of the measuring systems were examined under three 

different applied air pressures. In most cases, the difference between 

the applied and response pressures was smaller than the pressure reading 

fluctuation of the transducer itself. The results also indicated an 

essentially uniform pressure response throughout the cylinder. 
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4.3.2.5 LVDT calibration 

The LVDT used for measuring the vertical deflection of the soil 

specimen had a maximum travel of 48 rom. The LVDT was calibrated against 

a micrometer and the calibration curve was linear as shown in 

Figure 4.24. The vertical deflection was also measured using a dial 

gauge which had a maximum travel of 25 mm and the smallest division of 

0.01 rom. The dial gauge had about thirty times greater accuracy than the 

LVDT used in this experiment. 

4.3.3. Equipment .odifications 

The experiments were conducted in series as later explained in 

"Testing Program" section. Experimental difficulties were encount.ered 

during the first two series. The main difficulty was associated with the 

side friction which developed around the loading cap. Other difficulties 

were caused by the limited travel of the piston of the loading frame as 

compared to the maximum deflection of the soils specimen. 

Several modifications were made to the equipment in order to resolve 

experimental difficulties. The modified equipment performed well during 

the last three series of the experimental program. The following 

sections explain the above modifications that were made to the equipment. 

4.3.3.1. Modified loading cap with load cell 

The side friction developed around the loading cap (Figure 4.2) 

caused problems during several tests of the first two experimental 

series. At the beginning of a series, the applied net normal stress, 

(0 - Ua), was low and the soil specimen was relatively soft. Some soil 

particles might have been trapped between the loading cap and the wall 
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of the cylinder producing significant side friction. The side friction 

developed around the loading cap may actually have been greater than the 

magnitude calibrated in Figure 4.18. In the middle of the tests, the 

loading cap was hung up by side friction. This friction was overcome by 

the higher applied net normal stresses at later stages in the series. 

Once the friction around the cap was overcome, the loading cap would 

displace downward. The drop of the loading cap onto the specimen 

resulted in an unexpected increase in pore pressures that resulted in a 

change of the stress state path from that originally planned. Another 

experimental difficulty was related to the limited travel of the piston 

of the loading frame. The bellofram tank on top of the loading frame had 

to be lowered in the middle of the series. Difficulties were encountered 

in maintaining the soil volume constant during the lowering of the 

bellofram tank. The net normal stress and matric suction changed as a 

result of these difficulties. 

The loading cap was modified in order to minimize side frictions 

during tests (Figure 4.25). The diameter of the cap was made smaller at 

the top than at the base. The two rubber O-rings (Figure 4.2) were 

replaced by two teflon rings with sharp edges (Figure 4.25). The teflon 

rings were used to prevent the entrapment of soil particles in between 

the cap and the wall of the cylinder. These teflon rings have a minimal 

contact with the wall of the cylinder and yet are flexible enough to seal 

against air leakage at the top during undrained loading. In the event 

that the teflon rings could not properly seal against air leakage, a 

sealed air chamber was mounted on top of the cylinder (Figure 4.26). 

This chamber would be pressurized to the same pressure as the controlled 

air pressure applied to the specimen (i.e., Channell). The piston of 
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Figure 4.25 Modified loading cap with two teflon rings. 
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the loading frame passed through the top of the chamber and was sealed 

using a rubber a-ring (Figure 4.26). The net applied stress transferred 

through the piston below the a-ring was measured using a load cell. The 

load cell used in this setup was a sealed super-mini load cella. The 

load cell had a maximum capacity of 4.5 kN and an essentially linear 

calibration curve as indicated in Figure 4.27. The load cell was 

environmentally protected against the high humidity environment inside 

the chamber. 

A holding bar with a locking system (Figure 4.28) was built in order 

to lock the loading cap when the bellofram tank was lowered. This 

modification was made in order to maintain a constant volume of the 

specimen during the lowering process. The holding bar was clamped on two 

of the posts of the loading frame as shown in Figure 4.29. Two screws at 

the center of the holding bar (Figure 4.28) were used to lock the piston 

during the lowering of the bellofram tank on top of the loading frame 

(Figure 4.29). 

The performance of the above modifications were examined during the 

third series test onward. It appeared that the side friction around the 

loading cap could be minimized since there was no hang up of the loading 

cap during the last three series. The locking system also appeared to 

work well. However, the new loading cap could not properly seal the air 

phase during an undrained loading. Therefore, all of the loadings for 

the last three series were performed as constant water content tests. In 

8Manufactured by Interface, Inc., Arizona, U.S.A. (i.e., Model: 
SSM-AJ-1000). 
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other words-, the air phase was under a drained condition while the water 

phase was under an undrained condition. 

4.3.3.2 Manifold for port flushing 

The flushing of the pore-water pressure measuring system was 

performed under a controlled pressure. The ports were usually connected 

and disconnected from a pressure tank whenever the flushing was 

conducted. 

A manifold was later installed between the pore-water measuring 

ports and the pressure tank as shown in Figure 4.30. The flushing of a 

port was conducted by opening the valve to the port while the valves to 

other ports were closed. The water pressure in the manifold was set to a 

pressure approximately equal to the pore-water pressure measured in the 

port prior to flushing. The flushing was performed by momentarily 

opening and closing the outlet valve in the port to remove the entrapped 

air bubbles. 

4.4 Soil Used in the Experi.ents 

An appropriate soil must be selected in order to study the pore 

pressure and volume change behavior of an unsaturated soil during the 

undrained loading and consolidation. The selection was also aimed at 

minimizing possible experimental difficulties that may be caused by 

particular soil types. The criteria used in selecting a soil for this 

testing program were as follows: 

1. The soil must have a low air entry value and desaturate 

appreciably below 100 kPa of matric suction. These criteria 
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Figure 4.30 Hflnifold for flushing the pore-water pressure measuring 
ports. 
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will ensure a continuous air phase in the soil under the 

experimental range of matric suction (i.e., zero to 100 kPa). 

2. The soil should not shrink excessively at high matric suctions 

so as to prevent separation of the soil specimen from the 

cylinder wall. The soil separation from the wall would cause a 

discontinuity between the pore-water and the water in the high 

air entry discs (i.e., in the measuring ports). Soils with a 

high clay content would shrink considerably upon an increase in 

matric suction. 

3. The soil should exhibit significant volume changes upon loading 

in order to produce measurable volume changes. 

4.4.1 Soil selection and soil properties 

In view of the above criteria, a combination of sand and silt with a 

low percentage of clay was felt to be the most suitable soil for this 

program. Three different soils were investigated and their grain size 

distributions are shown in Figure 4.31. Beaver Creek sand has a uniform 

grain size distribution ranging from medium to fine sands. The 

soil-water characteristic curves of the sand were obtained from Tempe 

cell tests and are presented in Figure 4.32a. The water content versus 

matric suction curve is shown in Figure 4.32b. It appears that the sand 

desaturates rapidly at low suctions causing a considerable decrease in 

the coefficient of permeability with respect to water, k.. The water 

content changes very little beyond a matric suction of 20 kPa. In other 

words, significant changes in this sand upon drying can only be observed 

within a limited range of suctions (i.e., zero to 20 kPa). 
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Pilot Butte and Highway Pit soils have similar grain size 

distributions (Figure 4.31). However, Pilot Butte soil has a higher clay 

content than Highway Pit soil. Figure 4.33 presents a comparison between 

the soil-water characteristics of both soils. It appears that Highway 

Pit soil produces more water volume change than Pilot Butte soil when 

soil suction changes from zero to 100 kPa. As a result, the Highway Pit 

soil has a lower degree of saturation than the Pilot Butte soil within 

the proposed range of matric suction for this experiment. 

From the above considerations, Highway Pit soil was selected for use 

in the experiment. A summary of the index properties of the soil is 

given in Table 4.2. Detailed results obtained from index and engineering 

properties tests for Highway Pit soil are included in Appendix D. 

Experiments in this program were performed on initially slurried 

specimens. The results of a consolidation test on a saturated slurry 

specimen are tabulated in Table 4.3. A wide variation in the 

coefficients of volume change, mv, and permeability at saturation, kg, 

with respect to the effective consolidation pressure, (ay - uw), was 

observed. The coefficient of volume change for the saturated soil with 
s 

respect to net normal stress, mt, is equivalent to mv. 

The soil-water characteristic curve for the Highway Pit soil is 

shown in Figure 4.34 in terms of (V. / Vol. The volumetric water 

content, aw, versus matric suction curve is also presented in Figure 

4.34. The volumetric water content, Bw, is computed by correcting the 

soil total volume with the total volume change at each suction increment 

(i.e., 8w =V. / V where V =Vo - ~V). Both curves appear to have 

similar shapes. The slope of the (Vw / Vol versus (Ua - uw) curve is the 
w 

coefficient of water volume change with respect to matric suction, m2. 
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Table 4.2 Index Properties of the Soil Used in the Experiment 

Soil 

Location 

Natural water 
content, w 

Grain size 
distribution 

Coefficient of 
uniformity, Cu 

Coefficient of 
curvature, Cc 

Atterberg limits 

Specific gravity, Gs 

Unified soil 
classification 
system 

Saskatchewan Department of Highway Pit Soil 

South Half 13-18-18-W2 

0.86e.t 

Sand - 52.5e.t 
Silt - 37.5e.t 
Clay - 10.Oe.t 

Dl0 =0.002 mm 
D30 = 0.02 mm 
D60 =0.09 mm 

D60
Cu = = 45

Dl0

(D30)2 
Cc 2.22= = 

(Dl0) (D60) 

Liquid limit, WL =22.21 
Plastic limit, wp = 16.61 
Plasticity index, PI = 5.61 

2.68 

ML - Inorganic silts and very fine sands, rock 
flour, silty or clayey fine sands or clayey silts 
with slight platicity 



167 

Table 4.3 Consolidation Results on Saturated Slurry Specimens 

Test Number: 
Properties CHWO 

Initial void ratio, eo 

Initial water content, Wo [%] 

Compresion index, Cc 
o < (Oy - uw) < 100 kPa 

100 kPa < (Oy - uw) < 1600 kPa 

Coefficient of compressibility, 
av [kPa-1] 

Coefficient of volume change, 
my = av / (1 + eo) [kPa-1] 

Swell index, Cs 

Coefficient of consolidation 
Cv [m2 /s] 

Time for 90% consolidation, 
t90 [minutes) 

Coefficient of permeability 
at saturation, ks [m/s] 

0.73 

27.3 

0.094 
0.138 

5 x 10-2 to 
5 X 10-5 

2.9 X 10-2 to 
2.9 X 10-5 

0.013 

4.0 x 10-7 to 
1.7 X 10-6 

6.0 - 1 

6.8 x 10-9 to 
6.4 x 10-10 



50 

"""' 
~ THW3A 
'-" ~ THW4A 
~ 40 

CD 

O~
THW3

THW4

>,0 
'" ,-U
~O~ 30 

> ~
3= 
u 

~ 20 
~

:3 
~

10 

Vw/Vo 

Vw/Vo { 

Ow {~

o 20 40 60 80 100 

MATRIC SUCTION. ( ug - Uw ) ( kPa ) 

~Figure 4.34 (VwfVo) and 8w versus matric suction curves for Highway Pit 0'\ 
soil. CD 



· 169 

The gravimetric water content and matric suction relationship (i.e., w 

versus (ua - uw)) for Highway Pit soil is shown in Figure 4.35. The 

decreasing degrees of saturation with increasing matric suctions are 

illustrated in Figure 4.36. Another set of results (i.e., THWS2) was 

obtained from Tempe cell tests on 8 different specimens at various matric 

suctions. Good agreement can be observed among all the results. A 

degree of saturation as low as 50 percent at 100 kPa matric suction can 

be obtained according to Figure 4.36. 

The shrinkage relationship for Highway Pit soil is shown in Figure 

4.37. The slope of the curve is the ratio of the void ratio to the 

water content changes for a change in matric suction. This ratio relates 
s w 

the m2 and m2 coefficients at various matric suctions under zero 
w 

confining pressure. Having determined the m2 coefficient at a 
s 

specific matric suction, the m2 coefficient can be computed using the 

slope of the shrinkage curve. 

The coefficients of permeability with respect to water at 

saturation, have been obtained from direct measurements and 

consolidation calculations as presented in Figure 4.38. The ks values 

from direct measurements agree with the computed ks values from the 

consolidation tests on slurry specimens. The saturated permeability, ks , 

is shown to decrease with decreasing void ratio, e. 

The unsaturated permeability function for an unsaturated soil can be 

obtained from the soil-water characteristic curve of the soil and the 

saturated coefficient of permeability (Green and Corey, 1971). The 

theory and formulation associated with this indirect method for obtaining 

the unsaturated permeability function are presented in Appendix B. The 

kw functions obtained from the soil-water characteristic curve for 
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Highway Pit soil (i.e., Figure 4.34) are presented in Figure 4.39 for 

five different ks values. The coefficient of permeability with respect to 

water, kwt decreases significantly as the soil matric suction increases. 

4.4.2 Differing soil properties 

The Highway Pit soil used in the experiments came from the same 

location and was provided by Saskatchewan Department of Highway. 

However, it was later found that the samples contained a small portion of 

soils with differing properties. The results obtained from the first 

four series of tests revealed reasonable similarity of results. The soil 

tested in the fifth series exhibited a differing behavior from that of 

the soils tested in the previous four series. 

The above discrepancies prompted a thorough investigation of the 

grain size distribution of these soils. The results are presented in 

Figure 4.40. It appears that the soil tested in the first four series 

had essentially the same grain size distribution as the soil tested in 

the preliminary tests (compare Figure 4.40 and 4.31). Therefore, the 

soil properties presented in the previous Section 4.4.1 are properties 

representative of the first four series of this program. However, the 

soil tested in the fifth series has a distinctly different grain size 

distribution. As a result, the fifth series soil could be expected to 

produce different results. 

Tempe cell tests were performed on the fifth series soil. The Tempe 

cell test results are presented in Figures 4.41, 4.42 and 4.43. The 

results show that the soil remains essentially saturated under 100 kPa 

matric suctions (Figure 4.43). This soil water characteristic curve is 

different than the one observed from the soils used in the other series 
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(Figure 4.36). Figure 4.44 illustrates a typical plot of the changing 

mass of the Tempe cell during the application of a matric suction. The 

change in mass of the Tempe cell is equivalent to the amount of water 

outflow during the matric suction change. 

4.5 Testing Procedures 

Tests in the experimental program were conducted using the 

axis-translation technique (Hilf, 1956). This technique is briefly 

discussed in the following section. 

In general, there were two types of tests performed in the program, 

namely, drained and undrained tests. The drained tests consisted of 

consolidation under total stress and increasing matric suction. The 

procedures associated with these tests are outlined in this chapter. 

Constant water content tests are a special case of undrained loading and 

will also be discussed. 

4.5.1 Axis-translation technique 

Direct measurements of pore-water pressures are limited to negative 

101 kPa which corresponds to one atmosphere of matric suction, (ua - uw). 

The axis-translation technique can be used to measure pore-water 

pressures lower than negative 101 kPa or matric suctions higher than 

101 kPa. Using this method, both the pore-air and pore-water pressures 

are translated by an equal amount to positive pressures. As a result, 

the matric suction, (ua - u.), is not affected by the translation process 

while the pore-water pressures can now be measured in the positive range. 

The technique works satisfactorily as long as the matric suction does not 

exceed the air entry value of the disc used in the measuring system. The 
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axis-translation technique was used in this program to prevent the 

possibility of cavitation as the soil matric suction approaches 101 kPa. 

Figure 4.45 illustrates the application of the axis-translation 

technique to the measurement of a negative pore-water pressure of 101 kPa 

in an unsaturated soil specimen (i.e. the soil matric suction is 101 kPa 

since the pore-air pressure is atmospheric). A 2 bar high air entry disc 

that has an air entry value of 200 kPa is used in the measurements. An 

air pressure of 202 kPa is applied directly to the specimen in order to 

raise the pore-air (and pore-water) pressures. In this example, the 

pore-air pressure, lia, may be raised to 202 kPa which in turn increases 

the pore-water pressure by an equal amount. As a result, the pore-water 

pressure, uw, is now at a positive value of 101 kPa and there is no 

problem with the cavitation of the water in the measuring system. The 

pore-w~ter pressure can now be measured since there is continuity between 

the pore-water and the water in the measuring system. The matric suction 

of the soil (Figure 4.45a) remains constant at 101 kPa throughout the 

translation process. However, the pore-air pressure which is used as a 

reference pressure has been translated from zero to 202 kPa 

(Figure 4.45a). 

The use of the axis-translation technique over a long period of 

testing does not guarantee that the water pressure measuring system 

(i.e., compartment) remains free of occluded air bubbles. Unsaturated 

soil testing often requires an extended period of time due to the low 

coefficient of permeability of the soil. As the test progresses, air 

diffuses through the water in the high air entry disc and appears as 

occluded air bubbles beneath the disc (Figure 4.45b). A diffused air 

volume indicator can be used in conjunction with the measuring system in 
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order to flush and measure the volume of diffused air. The diffused air 

volume can be used to correct the water volume change measurement under 

drained testing conditions. 

4.5.2 Undrained loadings 

The undrained tests were performed in order to observe pore pressure 

responses in an unsaturated soil as a result of a total stress increment. 

Let us consider an unsaturated soil specimen that has been subjected to a 

specific stress state va~iables (i.e., (ay - Ua) and (ua - uw» under 

Ko-Ioading conditions. An additional total stress, day, is then applied 

to the specimen by maintaining undrained conditions for both the air and 

water phases (Figure 4.46). The undrained conditions are maintained by 

preventing any flow of air and water in the specimen during the 

application of a total stress increment, day. In this case, valves At B, 

and C (Figure 4.14) are closed during the undrained tests. As a result, 

excess pore-air and pore-water pressures will develop in accordance with 

the corresponding pore pressure parameters (i.e., dUa = Ba day and 

duw =Bw day). At equilibrium, the net normal stress increases while the 

matric suction decreases. The excess pore pressures are measured (i.e., 

Channels 3 to 12 in Figure 4.6) and their values are compared with the 

additional total stress in order to compute the Ba and Bw parameters. 

In the undrained test, only the vertical deflection is monitored 

since the water volume change is prevented. The vertical deflection 

measurements are used to compute the total volume change during the 

undrained test. Frequent readings of ' vertical deflection are conducted 

in the early stages when volumes and pore pressures in the specimen 

change rapidly. 
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4.5.2.1 Constant water content tests 

Constant water content tests refer to loading conditions where the 

air phase cannot be maintained undrained while the water phase i.s 

undrained. This loading condition was experienced when using the 

modified loading cap (Figures 4.25 and 4.26). The teflon rings around 

the loading cap could not properly seal against air leakage. As a 

result, the pore-air pressure in the soil specimen was always in 

equilibrium with the controlled ~ressure in the closed air chamber on top 

of the cylinder (Figure 4.26). 

Changes in the stress state variables during the constant 

water content test are illustrated in Figure 4.47. There was no excess 

pore-air pressure generated during the loadings (i.e., Ba =0). The 

excess pore-water pressure developed during the loading is used to 

calculate the Bw parameter (i.e., Bw =duw / day) from the constant water 

content test. 

4.5.3 Drained tests 

The excess pore pressures generated during undrained or constant 

water content loading are dissipated during the "consolidation" portion 

of testing. At the end of the consolidation process, the soil has a 

higher net normal stress, (a - ua), but the matric suction, (ua - u.), 

returns to the initial value applied prior to the undrained loading. The 

soil specimen is then subjected to a further increase in matric suction 

while maintaining a constant net normal stress. This ~rocess is referred 

to as the "increasing matric suction" test. The matric suction is 

increased by reducing the pore-water pressure. The pore-air pressure 

remains constant during the process in order to maintain a constant net 
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normal stress. Both tests, the consolidation and the increasing matric 

suction, are drained tests. In these tests, the air and water phases are 

free to flow in and out from the soil specimen. The following sections 

explain the mechanisms associated with the drained tests. 

4.5.3.1 Consolidation tests 

During consolidation the excess pore pressures are dissipated with 

time. The excess pore-air pressure is dissipated at the top of the 

specimen by opening valve C (Figure 4.14) while the excess pore-water 

pressure is dissipated at the bottom by opening valve A (Figure 4.14). 

In other words, single drainage conditions are established for both air 

and water phases during consolidat.ion. The total stress, along with its 

additional stress, (Oy + day), remains constant during consolidation 

(Figure 4.48). The pore-air and pore-water pressures are then brought 

back to their initial values as controlled by Channels 14 and 16 

(Figure 4.14). These channels should not be altered during the undrained 

loading and consolidation processes. The excess pore pressure 

dissipations are observed with respect to depth and time through pore 

pressure measurements along the cylinder (i.e., Channels 3 to 12 in 

Figure 4.6). At equilibrium, the net normal stress increases by day and 

the matric suction reverts back to its initial value. 

4.5.3.2 Increasing matric suction tests 

The test is performed by increasing the matric suction in the soil 

specimen to a higher value. The soil matric suction is increased by 

reducing the pore-water pressure, uw, while maintaining a constant 

pore-air pressure (Figure 4.49). As a result, only the matric suction, 
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(ua - uw), is increased while the net normal stress, (ay - ua), remains 

constant during the test. The pore-water pressure is decreased by 

lowering the water pressure in the base plate as controlled by Channel 16 

(Figure 4.14). The gradient between the water pressures in the soil and 

in the base plate causes the water phase to flow downward. The 

decreasing pore-water pressures are observed with respect to depth and 

time through pore-water pressure measurements along the cylinder (i.e., 

Channels 3 to 7 in Figure 4.6). At equilibrium, the net normal stress is 

unchanged and the matric suction increases to a new value. 

The vertical deflection and the water volume change of the soil 

specimen are recorded at various times during the drained tests. 

Frequent readings are taken during the early stages where rapid volume 

and pressure changes occur in the specimen. 

4.6 Testing Program 

Five series of experiments were proposed in order to accomplish the 

second and the third objectives of this thesis (Section 4.2). A series 

of experiments consisted of several undrained loadings, consolidation and 

increasing matric suction tests. These tests were conducted alternately 

within a series on a single specimen. Each series was started using a 

slurried, saturated specimen (i.e., (ua - uw) equal to 0). The initially 

slurried specimens were used in the program for ensuring the homogeneity 

of the soil throughout the specimen. In addition, each series was 

started at a zero matric suction (i.e., saturated conditions) and a zero 

net normal stress (i.e., (ay - ua) equal to 0). 

The specimen was then brought to higher matric suctions and higher 

net normal stresses following a proposed stress state path. The stress 
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path was followed by alternately performing the above mentioned three 

tests. As a result, a considerable amount of test data could be obtained 

from five series of experiments. 

4.6.1 Series 1 progra. 

The first two series of tests were planned as a pilot study. The 

aim of the study was to examine the overall performance of the equiPment 

and to resolve any experimental difficulties associated with the tests. 

The proposed stress state path for the first series, S1, is presented in 

Figure 4.50. 

The initially slurried specimen was first brought to the stress 

conditions corresponding to point E in Figure 4.50. The total stress, a, 

the pore-air pressure, Ua, and the pore-water pressure, u., were slowly 

applied to the specimen. At equilibrium point E, the soil had initial 

values of a, Ua and u. of 135 kPa, 110 kPa and 85 kPa, respectively. As 

a result, the net normal stress, (a - na), and the matric suction, 

(ua - u.), at point E were equal to 25 kPa (Figure 4.50). 

The experiment then proceeded with an undrained loading from point E 

to point F. The total stress, a, was increased by 50 kPa from 135 kPa to 

185 kPa. Excess pore-air and pore-water pressures were induced during 

the undrained loading since the loading cap with two rubber a-rings was 

used for the first test series. As a result the net normal stress 

increased and the matric suction decreased at the end of undrained 

loading (i.e., point F) (Figure 4.46). The net normal stress and the 

matric suction at point F depended upon the Ba and Bw pore pressure 

parameters (Figure 4.46). The position of point F in Figure 4.50 is 

assumed. 
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The excess pore pressures were then dissipated during a 

consolidation process from point F to point G (Figure 4.50). At 

equilibrium point G, the matric suction returned to its value prior to 

the undrained loading (i.e., 25 kPa). The net normal stress, (0 - Ha), 

was now increased by 50 kPa (i.e., from 25 kPa to 75 kPa) since the 

excess pore-air pressure was dissipated during consolidation. The stress 

state variable changes during consolidation are illustrated in Figure 

4.48. The total stress, the pore-air pressure, and the pore-water 

pressure, at point G were 185 kPa, 110 kPa and 85 kPa, respectively. 

The increasing matric suction test following path GH was conducted 

by reducing the pore-water pressure, u., from 85 kPa to 10 kPa while 

maintaining a constant total stress and pore-air pressure. As a result, 

the matric suction, increased from 25 kPa to 100 kPa and the net normal 

stress, remained constant. (see Figure 4.49.) 

The undrained loading, consolidation and increasing matric suction 

tests could then be repeated beyond point H in Figure 4.50. However, in 

the first series, 31' the matric suction had reached the limiting value 

of 100 kPa at point H. Therefore, only the undrained loading, HI, and 

the consolidation test, IJ, were performed. 

4.6.2 Series 2 program 

Another pilot study was called the second series, 82. The proposed 

stress state path is shown in Figure 4.51 and is similar to the path 

followed during the 31 series. The soil was brought to an initial 

condition at point E (Figure 4.51) and then subjected to undrained 

loading, EF, the consolidation, FG, and a further increase in matric 
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suction, GH. The same sequence of tests was then repeated until the end 

of the series. 

4.6.3 Series 3 progra-

The pilot study (i.e., Series 1 and 2 programs) revealed several 

experimental difficulties during the tests as explained earlier (Section 

4.3.3). These experimental difficulties prompted several modifications 

to the equipment as outlined in Section 4.3.3. The performance of the 

modified equipment was studied in the third series of this program, S3. 

The proposed stress state path for the third test series is given in 

Figure 4.52. 

The testing technique was also modified in the S3 series. At the 

beginning of the series, the slurried specimen was first desaturated by 

applying a small magnitude of matric suction. During this stage, the 

total stress was not applied. The piston on the Conbel loading frame was 

locked in place. After the specimen obtained some stiffness at a small 

matric suction, the total stress was applied by unlocking the piston. 

The test proceeded to higher net normal stresses and matric suctions 

following the proposed path. The application of a small suction (i.e., 

FG path in Figure 4.52) helped to densify the soil prior to the 

application of the total stress (i.e., GH or GH' path in Figure 4.52). 

As a result, the possibility of the soil being squeezed between the 

loading cap and the cylinder wall, during the application of total 

stress, was minimized. 

The path followed during the third series was similar to that of the 

first and second series where the undrained loading, the consolidation 

and increasing matric suction tests were performed alternately. At the 
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beginning of the third series; however, it was not known whether the 

modified loading cap could properly seal the air phase during undrained 

loading. In the case where the air phase was properly sealed during 

undrained loading, the developed excess pore-air pressure would cause the 

change in net normal stress, d(o - ua), to be less than the total stress 

increase, do (e.g., GH' path in Figure 4.52). In the case where the air 

phase was drained during the total stress loading (i.e., constant water 

content test), the constant pore-air pressure would cause the change in 

net normal stress, d(o - ua), to be equal to the total stress increment, 

do, (e.g., GH path in Figure 4.52). Changes in the stress state 

variables during the constant water content test are illustrated in 

Figure 4.47. Consequently the consolidation path following the undrained 

loading (i.e., H'I path) would be different than the one following the 

constant water content test (i.e., HI path). 

4.6.4 Series 4 and 5 program 

The modified equipment appeared to perform well as demonstrated 

during the third test series, 83. The experimental problems encountered 

in the first and second series were essentially eliminated through the 

use of the modified equipment. However, the modified loading cap did not 

appear to be able to seal the air phase properly during undrained 

loading. Therefore, only the constant water content tests could be 

performed using the modified equipment (i.e., the third series onward). 

Two more series (i.e., 84 and 85 series) were then proposed in order 

to collect sufficient reliable data for purposes of analysis. The 

proposed stress state path for the fourth and the fifth series is 

described in Figure 4.53. The path consisted of a repeated se~lence of 
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constant water content, consolidation and increasing matric suction 

tests. Each series was then ended when the matric suction reached the 

experimental limit of 100 kPa. The modified testing procedure was also 

used at the beginning of both test series where a small matric suction 

was applied (i.e., FG path in Figure 4.53) prior to the application of 

the total stress (i.e., GH path in Figure 4.53). 



CHAPTER V

DATA PRESENTATION

5.1 Introduction 

The second and third objectives of this research program involve the 

studies of pore pressure and volume change behavior during Ko-undrained 

loadings and consolidations. The testing program outlined in Chapter IV 

was conducted on the selected soil using the designed equipment. Pore 

pressure and volume change measurements were taken throughout the tests. 

Data were collected and organized for presentation in this chapter. Only 

typical results are presented in this chapter while the remaining results 

are documented in Appendix E. Experimental difficulties encountered 

during the tests are explained in order to better understand the data. 

Summarized reports on the performance of each experimental series 

are first given, followed by detailed results from various tests. The 

data are presented in the following order: i) undrained loadings, 

ii) consolidation and iii) increasing matric suction test results. The 

data will be discussed and analyzed in Chapter VI. 

5.2 Actual stress state Paths 

Five series of experiments were completed in the course of this 

study. The first two series were the pilot study and the last three 

series were the actual experiments. The stress state paths from each 

series deviated slightly from the paths proposed in Chapter III for 

several reasons. First, it was difficult to obtain exact values of 

201
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(0 ua) and (ua - uw) as originally planned. Second, experimental 

difficulties associated with the side friction around the original 

loading cap caused uncertainties and significant deviations in the stress 

state paths followed during Series 1 and 2. The loading cap problems 

were essentially eliminated during the performance of Series 3, 4 and 5 

by using the modified loading cap. 

The third reason for the deviation of the stress path in Series 1 

and 2 was the limited travel of the loading piston compared to the 

maximum deflection of the specimen. The inability to maintain a constant 

volume during the lowering of loading frame resulted in pressure changes 

that caused stress path deviations in Series 1 and 2. A holding bar and 

a locking mechanism were subsequently devised for maintaining constant 

volume. These modifications greatly improved the performance during 

Series 3, 4 and 5. In addition, the bellofram tank was always lowered 

right after the application of the initial matric suction when the 

specimen had undergone its largest volume change. The travel of the 

piston was then sufficient for completing the remainder of the series. 

The actual stress state path followed in each series is outlined in 

the following sections. The changes in the volume-mass properties of the 

soil specimen during each series are also presented. 

5.2.1 Series 1 experi.ents 

The actual stress state path followed during the first series of 

experiments is shown in Figure 5.1. The last undrained loading was 

extended to three loadings with an applied total stress of approximately 

20 kPa, 60 kPa and 100 kPa (i.e., HI1' 1112 and 1213 tests). The 

equilibrium pore-air and pore-water pressures at the top and bottom of 
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the specimen, respectively, are used to calculate the stress state 

variables (i.e., (0 - ua) and (ua - uw)). 

The volume-mass properties of the soil specimen at each stress state 

of the 81 series are tabulated in Appendix E. These properties consist 

of volume, height, void ratio, water content and degree of saturation at 

various stages along the path. In addition, the stress state variables 

at various points along the path of 81 series are also given in 

Appendix E. The total and water volume changes throughout the 81 series 

are illustrated in Figures 5.2 and 5.3, respectively. Both figures 

depict the projections of the soil structure and the water phase 

constitutive surfaces onto the net normal stress, (0 - ua), plane and the 

matric suction, (ua - uw), plane. 

5.2.2 Series 2 experiments 

The actual stress state path followed during the second series of 

experiments is shown in Figure 5.4. This particular series experienced 

experimental difficulties associated with the friction around the loading 

cap. The loading cap dropped (i.e., unexpectedly advanced) in the middle 

of several tests when the applied load overcame the friction. This 

occurred during the early stages of the 82 series when the net normal 

stress, (0 - ua) was low. The magnitude of the side friction caused by 

the entrapment of soil particles around the loading cap could not be 

quantified. The net normal stress that was actually applied to the 

specimen was not known. Therefore, the stress state path followed during 

the early tests cannot be plotted with certainty in Figure 5.4. 

In the later stages of the series, however, the problems associated 

with the loading cap seemed to disappear. This could be attributed to 
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the higher load applied to the specimen, thus overcoming the friction 

around the loading cap. Therefore, the path following stress state point 

P can be plotted in Figure 5.4 with reasonable certainty. The magni.tudes 

of the stress state variables at various points along the path of the 32 

series are given in Appendix E. The volume-mass properties of the soil 

specimen throughout the 32 series are also tabulated in Appendix E. The 

projections of the (Vv / Vo ) and (Vw / Vo ) surfaces onto the net normal 

stress and matric suction planes are illustrated in Figures 5.5 and 5.6, 

respectively. 

5.2.3 Series 3 experiments 

The actual stress state path followed during the third series of 

experiments is shown in Figure 5.7. The modified loading cap as 

described in Chapter III was used for the first time in this series. It 

appeared that the problems associated with friction around the loading 

cap were eliminated in the S3 series. However, the modified loading cap 

was not designed to seal against air by-passage during loading. 

Therefore, loadings under constant water content conditions were 

conducted throughout the S3 series. Several multistage loadings were 

performed (Figure 5.7) and as a result, the actual path was longer than 

that proposed. 

The stress state variables at various points along the path of the 

83 series are given in Table 5.1. Total stress was measured using the 

load cell which was used for the first time in the S3 series. The 

equilibrium pore-air pressure at the top of the specimen, as measured on 

the loading cap, was used in calculating the stress state variables in 

Table 5.1. ·The equilibrium pore-water pressure at the base as measured 
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Table 5.1 stress state Variables Throughout S3 Series of Experiments. 

I =SETTING UP INITIAL CONDITIONS S3 SERIES 
CY =CONSTANT lATER CONTENT TEST 
C c CONSOLIDATION TEST 
" II IIICIEASIN6 "ATRlt SUCTION TEST STRESS STATE VARIABLES 

PROCESS 60 elf 6, Uao dUa Ua' Uvo dOw Uv' (f-Ua)o d(f-Ua) (f-Ua)f (Ua-Uv)o d(Ua-Uv) (Ua-Uv)' TEST 
[ kPa 1 [kPa 1 [kPa 1 [kPa) [kPa) [kPa) [kPa) [kPa) [kPa] [kPa] [kPa] (kPa] [kPa ) (kPa ) [kPa ) TYPE 

A-( 
F-6 

0 
140.1 

140.1 
1.43 

140.1 
141.53 

0 
125.7 

125.7 
0.33 

125.1 
126.03 

0 
116.71 

116.11 
-10.21 

116.71 
106.5 

0 
14.4 

14.4 
1.1 

14.4 
15.5 

0 
8.g, 

8.99 
10.54 

8.99 
19.53 

I 

"6-H 141.53 22.42 163.95 126.03 0 126.03 106.5 1.98 108.48 15.5 22.42 37.92 19.53 -1.98 17.55 CN 
H-I 163.95 0 163.95 126.03 0.16 126.19 108.48 -2.14 106.34 31.92 -0.16 31.76 17.55 2.3 19.85 C 
I-J 163.95 -1.72 162.23 126.19 -0.16 126.03 106.34 -14.67 91.67 37.76 -1.56 36.2 19.85 14.51 34.36 "J-K 162.23 18.97 181.2 126.03 0 126.03 91.67 6.6 98.27 36.2 18.97 55.17 34.36 -6.6 27.76 CN 
K-" 181.2 0 181.2 126.03 0.33 126.36 98.27 -26.67 71.6 55.17 -0.33 54.84 27.76 27 54.76 CrN 

"-NI 181.2 18.53 199.73 126.36 0 126.36 71.6 7.9 79.5 54.84 18.53 73.37 54.76 -7.9 46.86 CN 
111-112 19,.13 20.27 220 126.36 -0.11 126.19 79.5 10.7 90.2 73.37 20.44 93.81 46.86 -10.87 35.99 CN 
N2-N3 220 20.26 240.26 126.19 0.17 126.36 90.2 5.6 95.8 93.81 20.09 113.9 35.9' -5.43 30.56 eN 
113-0 240.26 -0.86 239.4 126.36 0.16 126.52 '5.8 -24.31 71.43 113.9 -1.02 112.88 30.56 24.53 55.09 C 

O-P 239.4 -1.3 238.1 126.52 -0.16 126.36 71.43 -20.58 50.85 112.88 -1.14 111.74 55.09 20.42 15.51 "P-II 238.1 19.84 257.94 126.36 0 126.36 50.85 3.62 54.47 111.74 19.84 131.58 75.51 -3.62 71.89 CN 
11-12 257.94 20.69 278.63 126.36 0.16 126.52 54.47 5.93 60.4 131.58 20.53 152.11 11.89 -5.17 66.12 CN 
12-13 278.63 20.26 298.89 126.52 0 126.52 60.4 4.28 64.68 152.11 20.26 172.37 66.12 -4.28 61.84 CN 
13-R 298.89 0 298.89 126.52 0 126.52 64.68 -14.16 50.52 172.37 0 172.37 61.84 14.16 76 C 

R-S 298.89 0 298.89 126.52 0.16 126.68 50.52 -19.76 30.76 172.37 -0.16 172.21 76 19.92 95.92 "S-TI 298.89 19.4 318.29 126.68 -0.16 126.52 30.76 3.62 34.38 172.21 19.56 191.77 95.92 -3.78 92.14 eN 
Tl-T2 318.29 19.83 338.12 126.52 0 126.52 34.38 2.31 36.6' 191.77 19.83 2U.6 92.14 -2.31 89.83 eN 
T2-T3 338.12 20.7 358.82 126.52 0 126.52 36.69 2.31 39 211.6 20.7 232.3 89.83 -2.31 87.52 eN 
T3-T4 358.82 1'.83 378.65 126.52 0.16 126.68 39 1.48 40.48 232.3 19.67 251.97 87.52 -1.32 86.2 eN 
T4-T5 378.65 17.24 395.89 126.68 -0.32 126.36 40.48 0.49 40.97 251.97 11.56 269.53 86.2 -0.81 85.39 eN 
15-16 395.89 18.'7 414.86 126.36 0 126.36 40.97 0.99 41.~ 269.53 18.97 288.5 85.39 -0.99 84.4 eN 
T6-T7 414.86 17.68 432.54 126.36 0 126.36 41.96 -0.66 41.3 288.5 17.68 306.18 84.4 0.66 85.06 eN 

tV 
~

tV 
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in the water compartment was used in Table 5.1. At equilibrium the 

pore-air and pore-water pressures throughout the soil specimen were 

approximately equal in magnitude. 

The total and water volume measurements during the 83 series are 

outlined in Table 5.2. The vertical deflection measurements (i.e., dH) 

were obtained from dial gauge readings while the water voilime change 

measurements (i.e., dVw) were taken from the twin-burette volume change 

gauge. The vertical deflection multiplied by the cross-sectional area of 

the specimen gives the total volume change, dV. The water volume change, 

dVw, measurements were corrected proportionally as indicated in the dVw' 

column in Table 5.2. The corrections were required in order to match the 

sum of water volume changes throughout the series with the difference in 

the volumes of water computed from the initial and final water content 

measurements. The discrepancy of 21 between the burette and water 

content measurements for approximately two months duration of the 33 

series testing was considered reasonable. This discrepancy was 

attributed to inaccuracies in burette readings. 

The initial and final water content measurements and the solid mass 

were used to compute the initial and final volumes of water in Table 

5.2. As an example, the final water content measurements for the 33 

series are illustrated in Table 5.3. The initial total volume was 

calculated using the basic equation (i.e., 8e = w Gs ; where: 8 = degree 

of saturation, e = void ratio, w =water content and Gs = specific 

gravity) and by assuming an initial degree of saturation of 1001. The 

final total volume was obtained by subtracting the volume changes 

throughout the series from the initial total volume. 
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Table 5.2 Volumetric Properties of Soil Specimen During the S3 Series of 
Experiments 

53 SERIES 

VOLU"ETRIC PROPERTIES 

SOUD: 
"ASS: 28&0.81 gral 
65: 2.&8 
VOLU"E: 10&7.4&& cI3 

81.07 el2 

PROCESS Ho dH Hf Vo dV Vf Vwo dVw dVw' Vwf 
[cil (ell [ell [(13] [eI3] [(13] [(13] [eI3] [(13] [(13] 

A-F 24.491 4.3&3 20.128 1985.485 353.7084 1&31.776 918.03 391.31 383.&437 534.3862 
F-6 20.128 0 20.128 1&31.77& o 1631.77& 534.38&2 8.22 8.058960 526.3272 
6-H 20.128 0.0123 20.1157 1&31.77& 0.9971&1 1&30.779 52&.3272 0 o526.3272 
H-I 20.1157 0.0006 20.1151 1630.779 0.048642 1630.731 52&.3272 0.16 0.156865 526.1703 
I-J 20.1151 0.007 20.1081 1&30.731 0.5&749 1&30.163 526.1703 14.4 14.11788 512.0524 
J-K 20.1081 0.0259 20.0822 1630.163 2.099713 1628.0&3 512.0524 0 o512.0524 
K-" 20.0822 0.0295 20.0527 1628.063 2.3915&5 1&25.&72 512.0524 99.21 97.26&36 414.7861 
I1-Nl 20.0527 0.02 20.0327 1625.672 1.6214 1624.050 414.7861 0 o414.7861 

NI-N2 20.0327 0.0694 19.9&33 1&24.050 5.626258 1618.424 414.7861 0 o414.78&1 
N2-N3 19.'3633 0.081 19.8823 1618.424 6.56667 1611.858 414.7861 0 o414.7861 
N3-0 19.8823 0.043 19.8393 1611.858 3.48601 1608.372 414.7861 10.686 10.476&4 404.3094 

O-P 19.8393 0.0453 19.794 1608.372 3.672471 1604.699 404.3094 28.89 28.32401 375.9854 
P-Ql 19.194 0.008 19.186 1604.&99 0.64856 1604.051 315.9854 0 o375.9854 

QI-Q2 19.786 0.0234 19.7626 1604.051 1.897038 1602.153 375.9854 0 o375.9854 
02-03 19.7626 0.0189 19.7437 1602.153 1.532223 1600.621 315.9854 0 o375.9854 
Q3-R 19.7437 0.0228 19.7209 1600.621 1.848396 1598.773 375.9854 3.38 3.313782 372.6716 
R-S 19.7209 0.033 19.6819 1598.173 2.67531 159&.098 372.6716 18.29 17.93167 354.74 
S-Tl 19.6879 0.0083 19.6796 1596.098 0.&72881 1595.425 354.74 0 0 354.74 

11-T2 19.6796 0.012 19.&&76 1595.425 0.97284 1594.452 354.74 0 0 354.74 
T2-T3 19.6676 0.0139 19.6537 1594.452 1.126873 1593.325 354.74 0 0 354.74 
13-T4 19.6537 0.0143 19.&394 1593.325 1.159301 1592.1&& 354.74 0 0 354.74 
T4-T5 19.6394 0.0256 19.6138 1592.1&6 2.075392 1590.090 354.74 0 0 354.74 
T5-T6 19.&138 0.0117 19.6021 1590.090 0.948519 1589.142 354.74 0 0 354.74 
16-17 19.&021 0.0204 19.5817 1589.142 1.653828 1587.488 354.74 0 0 354.74 
17-T8 19.5817 0.0163 19.5654 1587.488 1.321441 1586.16& 354.74 0 0 354.74 

INITIAL: TOTAL FINAL: 
CHAN6E: 

24.491 4.925& 19.5654 1985.485 399.3183 158&.16& 918.03 574.546 563.29 354.74 

dVwf frol water content leasurelent= 563.29 
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Table 5.3 Final Water content Measurements at the End of the S3 Series. 

S3 SERIES 

WATER CONTENT PROFILE 
AT END or S3 SERIES 

Position rare rare Tare and Tare and ·50lid Water WATER ELEVATION 
no. mass wet soil dry soil lass mass CONTENT 

[grail [grail [gr amI [grail [graal [tl (.II 

3 53-3 267.54 601.2 564.76 297.22 36.44 12.26028 177.8 
8 53-8 266.68 5'36.6 560.22 293.54 36.38 12.39354 177.8 

3-8 53-3-8 265.38 416.18 399.55 134.17 16.63 12.39472 177.8 
4 53-4 268.32 598.84 562.55 294.23 36.29 12.33389 139.7 
9 S3-9 265.54 611.24 573.11 307.57 38.13 12.39718 139.7 
5 53-5 268.5 579.1 544.6 276.1 34.5 12.49547 101.6 

10 53-10 266.5 595.04 558.55 292.05 36.49 12.49444 101.6 
6 S3-6 266.46 570.47 536.95 270.49 33.52 12.39233 63.5 

11 53-11 266.55 557.6 525.44 258.89 32.16 12.42226 63.5 
7 53-7 269.5 565.32 532.58 263.08 32.74 12.44488 25.4 

12 53-12 266.74 434.77 416.26 149.52 18.51 12.37961 25.4 

flushingl S3-Rl 381.8 405.75 23.95 
flushing2 59 

TOTAL 2860.81 
AVE w 12.40078 
5TD DEV 0.06395 
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On the basis of Table 5.2, the volume-mass properties (i.e., e, w, 

Sf n) of the soil during the experiments could be calculated as shown in 

Table 5.4. The above explanation of Tables 5.1 to 5.4 also applies to 

similar tables for other series presented in Appendix E. 

The projections of the (Vv / Vo) and (Vw / Vo) surfaces from the S3 

series onto the net normal stress and matric suction planes are shown in 

Figures 5.8 and 5.9, respectively. The values of (Vv / Vo) and (Vw / Vo) 

at various points along the path of the 83 are given in Table 5.5. 

5.2.4. Series 4 experiments 

The actual stress state path followed during the fourth series of 

experiments is shown in Figure 5.10. The actual path followed closely 

the proposed path since there were no experimental difficulties 

encountered during the tests. However, the tests were terminated at 

state point T2 due to a sudden leak in the pore-air pressure line. The 

total stress was increased in a stepwise manner under constant water 

content conditions. The stress state variables and the volume-mass 

properties associated with the 84 series are summarized in Appendix E. 

The projections of the (Vv / Vol and (Vw / Vo) surfaces onto the net 

normal stress and matric suction planes are illustrated in Figures 5.11 

and 5.12, respectively. 

5.2.5 Series 5 experiments 

The actual stress state path followed during the fifth series of 

experiments "is shown in Figure 5.13. The proposed path for the S5 series 

was identical to the path proposed for the 84 series. However, the actual 

path of the 85 series was different than that of the 84 series. The 



Table 5.4 Volume-Mass Properties of the Soil Specimen During the S3 
Series of Experiments.

53 SERIES

VOLUME-MASS PROPERTIES 

PROCESS eo de ef wo dw wf So dS Sf no dn nf 
[Il [Il [Il [Il [Il [Xl 

A-F 0.859997 -0.33135 0.528644 0.320898 -0.13410 0.186795 100.0012 -5.30401 94.69718 0.462365 -0.11653 0.345825 
F-6 0.528644 0 0.528644 0.186795 -0.00281 0.183978 94.69718 -1.42810 93.26907 0.345825 0 0.345825 
G-H 0.528644 -0.000930.527710 0.183978 0 0.183978 93.26907 0.165102 93.434180.345825 -0.00040 0.345425-. 
H-I 0.527710 -0.00004 0.527665 0.183978 -0.00005 0.183923 93.43418 -0.01978 93.41439 0.345425 -0.00001 0.345406 
I-J 0.527665 -0.00053 0.527133 0.183923 -0.00493 0.178988 93.41439 -2.41475 90.99964 0.345406 -0.00022 0.345178 
J-K 0.527133 -0.00196 0.525166 0.178988 0 0.178988 90.99964 0.340838 91.34048 0.345178 -0.00084 0.344333 
K-H 0.525166 -0.00224 0.522926 0.178988 -0.03399 0.144989 91.34048 -17.0334 74.30700 0.344333 -0.00096 0.343369 
"-Nl 0.522926 -0.00151 0.521407 0.144989 0 0.144989 74.30700 0.216465 74.52346 0.343369 -0.00065 0.342713 

NI-N2 0.521407 -0.00527 0.516136 0.144989 0 0.144989 74.52346 0.761016 75.28448 0.342713 -0.00228 0.340428 
N2-N3 0.516136 -0.00615 0.509984 0.144989 0 0.144989 75.28448 0.908111 76.19259 0.340428 -0.00268 0.337741 
N3-0 0.509984 -0.00326 0.506719 0.144989 -0.00366 0.141326 76.19259 -1.44582 74.74676 0.337741 -0.00143 0.336306 
o-p 0.506719 -0.00344 0.503278 0.141326 -0.00990 0.131426 74.74676 -4.76123 69.98552 0.336306 -0.00151 0.334787 
P-Ql 0.503278 -0.00060 0.502671 0.131426 0 0.131426 69.98552 0.084590 70.07011 0.334787 -0.00026 0.334518 

01-02 0.502671 -0.00177 0.500894 0.131426 0 0.131426 70.07011 0.248604 70.31872 0.334518 -0.00078 0.333730 
02-03 0.500894 -0.00143 0.499458 0.131426 0 0.131426 70.31872 0.202087 70.52080 0.333730 -0.00063 0.333092 
03-R 0.499458 -0.00173 0.497727 0.131426 -0.00115 0.130267 70.52080 -0.37836 70.14244 0.333092 -0.00077 0.332321 

R-S 0.497727 -0.00250 0.495220 0.130267 -0.00626 0.123999 70.14244 -3.03711 67.10532 0.332321 -0.00111 0.331202 
s-Tl 0.495220 -0.00063 0.494590 0.123999 

TI-T2 0.494590 -0.00091 0.493679 0.123999 
T2-T3 0.493679 -0.00105 0.492623 0.123999 
T3-T4 0.492623 -0.00108 0.491537 0.123999 
T4-T5 0.491537 -0.00194 0.489593 0.123999 
T5-T6 0.489593 -0.00088 0.488704 0.123999 
T6-T7 0.488704 -0.00154 0.487155 0.123999 
T7-T8 0.487155 -0.00123 0.485917 0.123999 

INITIAL: TOTAL fINAL: 
CHANGE: 

0 0.123999 67.10532 0.085525 67.19085 0.331202 -0.00028 0.330920 
0 0.123999 67.19085 0.124037 67.31489 0.330920 -0.00040 0.330512 
0 0.123999 67.31489 0.144250 67.45914 0.330512 -0.00047 0.330038 
0 0.123999 67.45914 0.149048 67.60819 0.330038 -0.00048 0.329550 
0 0.123999 67.60819 0.268478 67.87666 0.329550 -0.00087 0.328675 
0 0.123999 67.87666 0.123414 68.00008 0.328675 -0.00040 0.328275 
0 0.123999 68.00008 0.216260 68.21634 0.328275 -0.00069 0.327575 
0 0.123999 68.21634 0.173787 68.39013 0.327575 -0.00056 0.327015 

tV 
~

-..J0.859997 -0.37408 0.485917 0.320898 -0.19689 0.123999 100.0012 -31.611'0 68.39013 0.462365 -0.13534 0.327015
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Table 5.5 (Vv / Va) 
series. 

and (Vw / Va) values along the path of the 83 

53 SERIES 

SOIL STRUCTURE WATER PHASE 
CONSTITUTIVE SURFACES 

Voa = 2014.18 (13 

PROCESS Vvo = Vvf = Vvo/Voa Vvf/Voa Vwo/Voa Vwf/Voa 
Vo-Vs Vf-Vs 
[(13] [(13] 

A-F 918.0189 564.3105 0.455778 0.28016B 0.455783 0.265312 
F-6 564.3105 564.3105 0.280168 0.280168 0.265312 0.261310 
6-H 564.3105 563.3133 0.2B0168 0.279673 0.261310 0.261310 
H-I 563.3133 563.2647 0.27~673 0.27~64~ 0.261310 0.261233 
I-J 563.2647 562.6972 0.279649 0.279367 0.261233 0.254223 
J-K 562.6972 560.5975 0.279367 0.278325 0.254223 0.254223 
K-" 560.5975 558.2059 0.278325 0.277138 0.254223 0.205932 
"-Nl 558.2059 556.5845 0.277138 0.276333 0.205932 0.205932 

NI-N2 556.5845 550.9583 0.276333 0.273539 0.205932 0.205932 
N2-N3 550.9583 544.3916 0.273539 0.270279 0.205932 0.205932 
N3-0 544.3916 540.9056 0.270279 0.268548 0.205932 0.200731 
O-P 540.9056 537.2331 0.268548 0.266725 0.200731 0.186669 
P-Ql 537.2331 536.5846 0.266725 0.266403 0.186669 0.186669 

QI-Q2 536.5846 534.6875 0.266403 0.265461 0.186669 0.186669 
Q2-Q3 534.6875 533.1553 0.265461 0.264700 0.186669 0.186669 
Q3-R 533.1553 531.306~ 0.264700 0.263783 0.186669 0.185024 

R-S 531.3069 528.6316 0.263783 0.262455 0.185024 0.176121 
S-Tl 528.6316 527.9587 0.262455 0.262120 0.176121 0.176121 

TI-T2 527.9587 526.9859 0.262120 0.261637 0.176121 0.176121 
T2-T3 526.9859 525.8590 0.261637 0.261078 0.176121 0.176121 
13-T4 525.8590 524.6997 0.261078 0.260502 0.176121 0.176121 
T4-15 524.6997 522.6243 0.260502 0.259472 0.176121 0.176121 
T5-T6 522.6243 521.6758 0.259472 0.259001 0.176121 0.176121 
T6-T7 521.6758 520.0220 0.259001 0.258180 0.176121 0.176121 
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difference was caused by differing properties of the soil specimen tested 

in the S5 series. Stepwise increments of total stress were applied under 

constant water content conditions throughout the series. 

The stress state variables and the volume-mass properties associated 

with the path of the S5 series are summarized in Appendix E. The 

projections of the (Vv / Vo) and (Vw / Vo) surfaces onto the net normal 

stress and matric suction planes are illustrated in Figures 5.14 and 

5.15, respectively. 

5.3 Undrained Test Results 

The results of undrained loadings and constant water content tests 

are presented in the following sections. Typical results from each 

series are presented in the form of pore pressure response and total 

volume change during the loading. The rest of the results are documented 

in Appendix E. 

5.3.1 Undrained loading on a saturated soil 

A saturated soil specimen was loaded in an undrained mode in the 

Ko-cylinder. This test was conducted at the beginning of the Sl series. 

The bronze ports (i.e., Channels 1, 8, 9, 10, 11 and 12) and the high air 

entry disc ports (i.e., Channels 2, 3, 4, 5, 6 and 7) were filled with 

water. Therefore, the pore-water pressures were measured in all 

measuring systems. A total stress increment of 28.6 kPa was applied to 

the specimen and pressure responses were measured in the twelve ports 

along the Ko-cylinder. The pore-water pressures appeared to increase 

slightly higher than 28.6 kPa as demonstrated in Figure 5.16. In other 

words the pore-water pressures fully responded to the total stress 
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increment, thus indicating negligible friction between the loading cap 

and the Ko-cylinder. 

5.3.2 Undrained loading on an unsaturated soil specimen 

The first two series of experiments (i.e., 31 and 32 series) were 

performed using the original loading cap with two rubber a-rings. The 

application of total stress was conducted under undrained conditions for 

both the air and water phases. However, the modified loading cap which 

could not properly seal the air phase was used in the last three series 

(i.e., 34' 35 and 36 series). As a result, total stress could only be 

applied under constant water content conditions. 

5.3.2.1 81 undrained loadings 

A typical set of results from undrained loading in the 31 series 

(i.e., 31EF) is shown in Figures 5.17 and 5.18. The soil properties and 

the stress state variables before and after the loading are given in 

Figure 5.17. The total volume change during undrained loading 

(Figure 5.17) demonstrated a rapid volume change within the first fifty 

minutes. The total volume then decreased at a slow rate until the end of 

the test (i.e., one day). As a result, the volume-mass properties were 

not altered significantly during the loading. 

The pore-air and pore-water pressure responses during undrained 

loading are illustrated in Figure 5.18. The pore-water pressure 

responses (i.e., Channels 2, 3, 4, 5, 6 and 7 in Figure 5.18b) were 

higher than the pore-air pressure responses (i.e., Channels 1, 8, 9, 10, 

11 and 12 in Figure 5.18a). This response behavior was consistent with 

the theory that would indicate a higher B. value than the Ba value at the 



230 

SlEF 

Test Type: Undrained Loading 

Properties: Initial Final 

S 96.6 % 98.0 % 
e 0.587 0.578 
w 21.2 CJ> 21.2 % 
n 0.370 0.366 

stress state Variables (kPa] : 

0' 146.7 184.3 
Ua (top) 106.7 119.5 
Uw (bottom) 80.0 106.7 

0' - ua 40.0 64.8 
d(O' - ua) 24.8 

Ua - Uw 26.7 12.8 
d(ua - uw) - 13.9 

o 

I --

I Q) 
lI'J 

I C 
!P

lr-b 
l~ ~
4'\ 

l~

~
-'b 

0 0 
v 000 000~

~ Q 

1200 MOO 

~ 3 
Z 

o ~ " 
1LJ 5 

3
~

o 6 
> 
-J 7 
~
~ 8 

9 
o 200 .400 600 aoo 1000

ELAPSED 11ME. t ( min. )
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(b) Pore-water pressure responses.

Figure 5.18 Pore pressure responses during the StEF undrained loading.
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same soil conditions. As a result, the soil matric suction decreased at 

the end of loading. It also appeared that the generated excess 

pore-water pressures could be maintained until the end of the test (i.e., 

approximately one day). However, the excess pore-air pressures decreased 

at a steady rate. The pore-air pressure decrease could be attributed to 

the air dissolving into water or possibly there was a steady leak (Bftrden 

and Sides, 1970). 

5.3.2.2 82 undrained loadings 

The results of an undrained loading in the S2 series (i.e., S2XY) 

are presented in Figures 5.19 and 5.20. The pore pressure development 

shown in Figure 5.20 was similar in behavior to the undrained pore-water 

pressure development reported by Barden and Sides (1970, see Chapter II). 

The pore pressures exhibited peaks and valleys during approximately a one 

day testing period. The stepwise increase in pore-water pressures during 

undrained loading was attributed to the structural viscosity or creep 

properties by Barden and Sides (1970). This creep phenomenon caused the 

compressibility of the soil structure to increase with time. The 

increasing pore pressures in Figure 5.20 may also be caused by stepwise 

displacements of the loading cap due to a release of the friction around 

the cap. The original loading cap with significant friction was used 

throughout the S2 series. Significant increases in pore pressures around 

50,000 seconds (i.e., 833 minutes) were accompanied by a significant 

decrease in the total volume as demonstrated in Figure 5.19. 
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Figure 5.19 Total volume change during the S2XY undrained loading. 
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PORE PRESSURE DEVELOPMENT 
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5.3.2.3 S3 Constant water content tests 

Two constant w~ter content test results from the 83 series are 

presented in this section. The first set of results was associated with 

the 83T2T3 test (Figures 5.21 and 5.22). Excess pore-air pressures were 

not developed and the pore-water pressure development was similar to the 

response behavior shown previously in Figure 5.20. It should also be 

noted that a significant increase in the pore-water pressure was 

accompanied by a significant decrease in the total volume. This occurred 

at approximately 45,000 seconds or 750 minutes (see Fi~lres 5.21 and 

5.22). 

A second set of results was obtained from the 83T6T7 test and is 

presented in Figures 5.23 and 5.24. The pore-water pressure fluctuations 

during the test were observed for a period of three days. The ambient 

temperature close to the Ko-cylinder was also monitored as illustrated in 

Figure 5.25. It appeared that the air temperature in the laboratory 

fluctuated between 23°C and 25°C. The pore-water pressure fluctuations 

with time (Figure 5.24b) exhibited a direct pattern with the temperature 

fluctuations (Figure 5.25). A temperature fluctuation of less than 2°C 

has been found to significantly affect pressure measurements (Barbour, 

1986). The temperature fluctuation causes volume changes in the 

measuring systems and in turn results in changes in the measured 

pressures. The pore-air pressures were not affected by the temperature 

fluctuation (Figure 5.24a) since the pore-air pressures were always in 

equilibrium with the controlled air pressures. The air phase could not 

be sealed properly when using the modified loading cap. 
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S3T2T3 

Test Type: Constant Water Content Test 
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PORE PRESSURE DEVELOPMENT 
Undrained Loa4inl [S3T2T3 T.tt] 
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Figure 5.24 Pore pressure responses during the S3T6T7 constant water 
content test. 
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Figure 5.25 Temperature fluctuations in the proximity of the 
Ko-cylinder. 
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5.3.2.4 S~ constant water content tests 

Four constant water content test results from the 84 series are 

presented in this section. The first two tests were performed with a 

total stress increment of approximately 20 kPa (i.e., 84JKl and 84KtK2 

tests). The other two tests were conducted by increasing the total 

stress by approximately 40 kPa (i.e., S4PQ2 and S4Q2Q4). These four sets 

of results are presented in Figures 5.26 to 5.33 inclusive. The results 

indicate that essentially no excess pore-air pressure was generated 

during the loading. The pore-water pressures exhibited peaks and drops 

throughout a one-day test duration. It appeared that the highest peak 

occurred at approximately 21 hours (i.e., 70 to 80 thousand seconds) 

after the application of the total stress increment. 

Each test was started at 10 a.m. and continued until 10 a.m. on the 

following day. The air-conditioning system in the laboratory was usually 

shut off at 11 p.m.. As a result, the air temperature in the laboratory 

would keep increasing overnight and start returning to normal at 8 a.m. 

on the following day when the air-conditioning system was restarted. The 

21 hour elapsed time period from the beginning of the test occurred 

around 7 a.m. on the next day. At this time of day, the air temperature 

in the laboratory likely reached a maximum corresponding to the highest 

peak for the pore-water pressure measurements. 
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S4JKl 

Test Type: Constant Water Content Test 

Properties: Initial Final 

S 99.9 % 100.0 % 
e 0.509 0.508 
w 19.0 % 19.0 % 
n 0.337 0.337 

stress state Variables (kPa]: 

a 
Ua (top) 
Uw (bottom) 

a - Ua 
d(a - na) 

Ua - Uw 
d(ua - uw) 

TOTAL VOLUME

154.5 170.9 
117.5 116.5 
77.2 84.8 
37.0 54.4 

17.4 
40.3 31.7 

- 8.6 
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Figure 5.26 Total volume change during the S4JKl constant water content 
test. 
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PORE PRESSURE DEVELOPMENT 
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Figure 5.27 Pore pressure responses during the Slp.1Kl constant water 
content test. 
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S4K1K2 

Test Type: Constant Water Content Test 

Properties: Initial Final 

S 100.0 % 100.2 % 
e 0.508 0.508 
w 19.0 % 19.0 % 
n 0.337 0.337 

Stress state Variables [kPa] : 

a 170.9 192.0 
Ua (top) 116.5 115.9 
Uw (bottom) 84.8 89.5 

0" - Ua 54.4 76.1 
d(a - ua) 21.7 

Ua - Uw 31.7 26.4 
d(ua - uw) 5.3 
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S4K1K2 [S4K1 K208 ] 

0 

-0.1 

-0.2 ,.,. 
E -0.3 
v 

...... 
LtJ -0.4 
~z 
~ -0.5
() 

0UJ 
:I 

-0.6:::> 
-J 
0 o 0 0 
> 
-J -0.7 
« 00 
b 
~ o-0.8 

-0.9 

-1 

0 0.2 0.4 0.6 0.8 1.2 1.4 
(Thousands) 

ELAPSED TIME, t [ min.] 

Figure 5.28 Total volume change during the S4KtK2 constant water content 
test. 
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PORE PRESSURE DEVELOPMENT 
Undrained Loadln, [S4KIK2 TIST] 
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Figure 5.29 Pore pressure responses during the S4KIK2 constant water 
content test. 
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Test Type: 

Properties: 

S 
e 
w 
n 

S4PQ2 

Constant Water Content Test 

Initial Final 

77.9 % 78.0 % 
0.493 0.493 
14.3 % 14.3 % 
0.330 0.330 

stress state Variables [kPa] : 

a 251.0 291.6 
Ua (top) 118.5 118.7 
Uw (bottom) 40.8 50.4 

a - Ua 132.5 172.9 
d(a - ua) 40.4 

Ua - U" 77.7 68.3 
d(ua - uw) - 9.4 
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Figure 5.30 Total volume change during the S4PQ2 constant water content 
test. 
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PORE PRESSURE· DEVELOPMENT 
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Figure 5.31 Pore pressure responses during the S4PQ2 constant water 
content test. 
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Test Type: Constant Water Content Test 

Properties: Initial Final 

S 78.0 e.t 78.1 e.t 
e 0.493 0.492 
w 14.3 e.t 14.3 e.t 
n 0.330 0.330 

stress state Variables [kPa]: 

a 291.6 334.7 
Ua (top) 118.7 117.7 
u. (bottom) 50.4 58.1 

a - Ua 172.9 217.0 
d(a - ua) 44.1 

Ua - Uw 68.3 59.6 
d(ua - u.) - 8.7 

TOTAL VOLUME CHANGES Vs.ELAPSED TIME 
S40204 [S4020408] 
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Figure 5.32 Total volume change during the S4Q2Q4 constant water content 
test. 



-
-
•••

..••
II•
~

• 
• 
~
I

.. ~

CR' 

(a) 

249 

PORE PRESSURE DEVELOPMENT 
Undrained LoadJSl' [~~ Te.t] 
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Figure 5.33 Pore pressure responses during the S4QZQ4 constant water 
content test. 
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5.3.2.5 35 constant water content tests 

Three constant water content test results from t.he 85 serjes are 

present.ed in t.his section. The soil test.ed in the S5 series had 

different properties from the soils tested in other series. The S5 

series soil remained essentially saturated (i.e., S ~ 100%) when the soil 

was subjected to matric suctions up to 100 kPa. The air in the soil 

specimen was mostly in the form of occluded bubbles the pressure in which 

could not be measured. The bronze ports were filled with water (and 

possibly some air) which caused difficulties in the interpret.ation of the' 

pressures being measured. The results of pressure measurements in the 

bronze ports are presented to illustrate the difficulties tn measuring 

pore-air pressures near saturation. 

The results of the S5MNl constant water content test are presenteo 

in Figures 5.34 and 5.35. Several bronze ports were measuring pressures 

approaching the controlled air pressures while one port (i.e., 

Channel 11) was measuring the pore-water pressures (Figure 5.35a). The 

pore-water pressure responses in the high air entry disc ports exhibited 

characteristic peaks and drops. 

The results of the S5NIN2 test are shown in Figures 5.36 and 5.37. 

The pressures in several bronze ports became equal to the controlled air 

pressure as the total stress was increased by 25 kPa (Figure 5.37a). 

However, the bronze port of Channel 11 was still measuring the pore-water 

pressure as illustrated in Figure 5.37a. The pore-water pressure 

responses were quite typical of those observed in other tests. 

The results of the S5N2N3 test are presented in Fi~lres 5.38 and 

5.39. In this test, some bronze ports were measuring pressures higher 

than the controlled air pressure (i.e., Channels 9, 10 and 12 in 
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SsMN l 

Test Type: Constant Water Content Test 

Properties: Initial Final 

S 99.6 T, 99.8 T, 
e 0.550 0.549 
w 20.4 T, 20.4 T, 
n 0.355 0.354 

stress state Variables (kPa] : 

a 192.8 207.1 
Ua (top) 110.9 113.4 
Uw (bottom) 50.9 77.4 

U - Ua 81.9 93.7 
d(u - ua) 11.8 

Ua - Uw 60.0 36.0 
d(lla - u.) - 24.0 
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Figure 5.34 Total volume change during the SSMNl constant water content 
test. 
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PORE PRESSURE DEVELOPMENT 
Undrained Loadinc ( SMUt TEST ] 
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Figure 5.35 Pore pressure responses during the 
content test. 
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SsNt N2 

Test Type: Constant Water Content Test 

Properties: Initial Final 

S 99.8 ~ 100.0 ~
e 0.549 0.547 
w 20.4 ~ 20.4 ~
n 0.354 0.354 

Stress State Variables (kPa]: 

a 207.1 229.9 
Ua (top) 113.4 110.8 
Uw (bottom) 77.4 84.6 

a - Ua 93.7 119.1 
d(a - ua) 25.4 

Ua - Uw 36.0 26.2 
d(ua - uw) - 9.8 
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Figure 5.36 Total volume change during the SsNtN2 constant water content 
test. 
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PORE PRESSURE DEVELOPMENT 
Undrained Loadin, [ S~1112 ] 
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Figure 5.37 Pore pressure responses during the SsNtN2 constant water 
content test. 
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SSN2 N3 

Test Type: Constant Water Content Test 

Properties: Initial 

S 100.0 ~
e 0.547 
w 20.4 % 
n 0.354 

stress state Variables [kPa] : 
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Figure 5.38 Total volume change during the SSN2N3 constant water content 
test. 
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PORE PRESSlJRE DEVELOPMENT 
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Figure 5.39 Pore pressure responses during the SSN2N3 
content-test. 
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Figure 5.39a). These measured pressures followed the shape of the 

pore-water pressure responses in Figures 5.39 b. It appeared that the 

saturated soil specimen in front of the bronze discs resulted in an 

undrained condition for the air-water mixtures in the ports. Therefore, 

any increase in the total stress or pore-water pressures in the soil 

resulted in an increase in the measured pressures. The bronze port for 

Channel 11 was still measuring the pore-water pressure. 

In summary, the pore-air pressures could not be properly measured in 

the 35 series when the soil specimen "remained essentially saturated. The 

applied air pressures were always controlled at the top of the soil 

specimen during each test. The pore-water pressure responses in the 35 

series were similar to the response behavior observed in other series. 

5.4 Drained Test Results 

There are two types of drained test results; namely, the 

consolidation and increasing matric suction test results. In the 

consolidation tests, the excess pore pressures built up during undrained 

loadings or the constant water content tests, are dissipated. Typical 

pore pressure dissipation and volume change behavior during the 

consolidation tests are presented in the following section. 

In the increasing matric suction tests, the equilibrium pore-water 

pressures are decreased to produce a higher matric suction. Typical 

pore-water pressure changes and volume change behavior during increasing 

matric suction tests are presented in a separate section following the 

"consolidation tests" section. 
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The following presentation involves several results of both tests 

from each experimental series. The remainder of the results are 

documented in Appendix E. 

5.4.1 Consolidation tests 

Consolidation test results from five experimental series are 

presented in the following sections. In the 81 and 82 series, the 

consolidation tests were performed following undrained loading. Both 

excess pore-air and pore-water pressures were developed during undrained 

loadings and then dissipated in the consolidation tests. In the 83, 84 

and 85 series, the consolidation tests were conducted following the 

constant water content tests. Only the excess pore-water pressures were 

developed during the constant water content tests and later dissipated in 

the consolidation tests. At the end of consolidation, the soil matric 

suction returned to the value established prior to the undrained or 

constant water content loading. 

5.4.1.1 81 consolidation tests 

Two sets of consolidation test results from the 81 series (i.e., 

8tFG and 81I3J tests) are presented and explained in this section. The 

total and water volume changes during the S1FG consolidation test are 

shown in Figure 5.40. The water volume changes were larger than the 

total volume changes. As a result, the degree of saturation was 

decreasing during the process. The pore-air and pore-water pressure 

isochrones during the 8tFG consolidation test are illustrated in Figure 

5.41a. The excess pore-air pressures were dissipated almost 

instantaneously (Figure 5.41b) while the excess pore-water pressures 
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SlFG 

Test Type: Consolidation Test 

Properties: Initial Final 

S 98.0 % 97.2 % 
e 0.578 0.572 
w 21.2 % 20.7 % 
n 0.366 0.364 

stress state Variables [kPa): 

a 184.3 185.4 
Ua (top) 119.5 107.5 
Uw (bottom) 106.7 80.0 

a - Ua 64.8 77.9 
d(a - Ua) 13.1 

Ua - Uw 12.8 27.5 
d(ua - uw) 14.7 
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Figure 5.40 Total and water volume changes during the StFG consolidation 
test. 
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6 t=o sec + t =120 sec X t = 1511 sec • t =86403 sec 
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were dissipated with time (i.e., a transient or time-dependent process). 

The instantaneous dissipation of the excess pore-air pressures occurred 

throughout the entire height of the soil specimen. Therefore, it 

appeared that the soil commenced desaturating at a degree of saturation 

of approximately 98 percent and the air phase was continuous. 

The total and water volume changes during the StI3J consolidation 

test are shown in Figure 5.42. The volume change behavior was similar to 

that observed in the StFG test where the water volume change was larger 

than the total volume change. The degree of saturation was also 

decreasing during the consolidation. An instantaneous dissipation of 

excess pore-air pressures was also observed in the S113J consolidation 

test (Figure 5.43a). The time-dependent dissipation of excess pore-water 

pressures is illustrated in Figures 5.43b, 5.44a and 5.44b for the top, 

middle and bottom regions of the soil specimen, respectively. The 

pore-water pressure dissipation curves were similar in shape to the 

dissipation curves obtained for saturated soils. The rapid increase in 

pore-water pressures near the end of test (see Figures 5.43b and 5.44) 

could be attributed to the accumulation of diffused air in the ports. At 

this time, the soil matric suction was about 93 kPa and the test had 

lasted for seven days. The flushing of the ports was not performed 

during the test in order to minimize disturbance to the pore-water 

pressure measurements. A final attempt to flush port number 3 (Figure 

5.43b) resulted in the pressure measurement returning to the anticipated 

range. 

The pore-water pressure measurements for port number 7 (Figure 

5.44b) seemed to be erroneously low. The malfunction of port number 7 
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Test Type: Consolidation Test 

Properties: Initial Final 
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Figure 5.42 Total and water volume change during the StI3J consolidation 
test. 
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could be due to poor contact between the ceramic disc and the soil at 

high suctions or due to a small leakage in the port itself. 

5.4.1.2 82 consolidation tests 

Typical results of a consolidation test from the 82 series (i.e., 

S2YZ test) are presented in Figures 5.45 to 5.47, inclusive. The total 

and water volume changes during the test are shown in Figures 5.45. 

There was no excess pore-air pressures to be dissipated during this test. 

The pore-water pressure dissipations in the top, middle and bottom 

regions of the soil specimen are illustrated in Figures 5.46a, 5.46b and 

5.47, respectively. There was tendency for increasing pore-water 

pressure measurements in all ports near the end of the test. This trend 

could be attributed to the accumulation of diffused air in the high air 

entry disc ports. The arithmetic plot of the pore-water pressure 

measurements for port number 7 (Figure 5.47) indicates a rapid 

dissipation of the pore-water pressures within approximately the first 

hour (i.e., approximately 4,000 seconds) of the consolidation test. 

5.4.1.3 83 consolidation tests 

The results obtained from the 83N30 consolidation test are presented 

in the following figures. The total and water volume changes during the 

test are shown in Figure 5.48. The ratio between the total and water 

volume changes (i.e., dV / dV.) was approximately 0.3. The increase in 

matric suction during the consolidation test was more rapid at the bottom 

than at the top regions of the soil specimen (Figure 5.49a). The water 

volume changes during consolidation exhibited a similar type curve to the 

pore-water pressure dissipation curves (Figure 5.49b). 
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S2 YZ 

Test Type: Consolidation Test 

Properties: Initial Final 

S 89.2 e.t 89.0 e.t 
e 0.508 0.508 
w 16.9 e.t 16.9 e.t 
n 0.337 0.337 

stress state Variables [kPa): 

0 417.6 417.6 
Ua (top) 131.1 131.0 
Uw (bottom) 91.9 80.2 
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d(ua - uw) 11.6 
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Figure 5.45 Total and water volume change during the S2YZ consolidation 
test. 
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Test Type: Consolidation Test 

Propert.ies: Initial Final 

S 76.2 % 74.7 % 
e 0.510 0.507 
w 14.5 % 14.1 % 
n 0.338 0.336 

stress state Variables [kPa]: 

a 240.3 239.4 
Ua (top) 126.4 126.5 
Uw (bottom) 95.8 71.4 

a - Ua 113.9 112.9 
d(a - ua) 1.0 

Ua - Uw 30.6 55.1 
d(ua - uw) 24.5 

Figure 5.48 Total and water volume changes during the S3N30 
consolidation test. 
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The pore-water pressure dissipations in the top, middle and bottom 

regions of the soil specimen are illustrated in Figures 5.50, 5.51 and 

5.52, respectively. The presentations are on semi-logarithmic and 

arithmetic plots. Comparisons among these dissipation curves indicate 

that the most rapid dissipation occurred at the base of the soil specimen 

and slowed towards the top of the specimen. The height of the specimen 

affected the equilibration rate of pore-water pressures at different 

depths since the excess pressure were first dissipated at the base and 

proceeded to the top with time (i.e., one-dimensionally downward water 

flow). 

5.4.1.4 84 consolidation tests 

The results obtained from the S4N30 test are presented as typical 

consolidation test results in S4 series. The total and water volume 

changes during the test are shown in Figure 5.53. The ratio between the 

total and water volume changes (i.e., dV / dVw) ranged from 0.25 to 0.3 

during the test. The rate of water volume change seemed to slow after 

four days of testing (i.e., approximately at 6,000 minutes in Figure 

5.53). At this time, the base plate compartment was flushed and a 

significant amount of diffused air was measured. The significant amount 

of diffused air could be the result of an accumulation of diffused air 

that was not completely removed during the tests prior to S4N30. The 

rate of water volume change appeared to increase immediately after the 

flushing process (Figures 5.53 and 5.54b). 

The rapid increases in matric suction in the top and bottom regions 

of the soil specimen are illustrated in Figure 5.54a. Ninety five 
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Test Type: Consolidation Test 

Properties: Initial Final 
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consolidation test. 
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percent of the matric suction changes occurred within 14 hours (i.e., 

50,000 seconds in Figure 5.54a) of the commencement of the test. The 

matric suction variations during the remaining period of testing were 

attributed to temperature fluctuations in the laboratory. 

The changes in matric suction were the result of excess pore-water 

pressure dissipations as illustrated in Figures 5.55, 5.56 and 5.57. The 

plots indicate that essentially complete dissipations had occurred 

throughout the soil specimen at 50,000 seconds (i.e., 833 minutes) of 

elapsed time. Subsequent variations in the pore-water pressures were due 

to temperature fluctuations in the laboratory. The greatest variations 

occurred in the bottom region of the specimen (Figure 5.57). The bottom 

region was closest to the base plate and the outside tubings which were 

exposed to the ambient temperature fluctuations. The upper regions of 

the soil specimen were somewhat buffered from the temperature effects as 

demonstrated by the smaller pressure variations in Figures 5.55 and 5.56. 

The consecutive peaks in the pressure variation occurred in one day 

intervals. 

5.4.1.5 85 consolidation tests 

The results from the SSN30 consolidation test are presented in this 

section. The total and water volume changes during the SSN30 test are 

shown in Figure 5.58. It appeared that the volume changes which occurred 

in this test were much large~ than those which occurred during the 

consolidation tests of other series. In addition, the ratio between the 

total and water volume change was large (i.e., dV / dV. was approximately 

0.75). The above volume change characteristics showed that the soil was 

close to saturation. 
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The excess pore-water pressure dissipation curves from the top to 

the bottom regions of the soil specimen (Figures 5.59 ond 5.60) exhibited 

shapes similar to those observed in other series. The pressure 

dissipation occurred most rapidly at the bottom of the soil specimen 

(i.e., port number 7 in Figure 5.60b), decreasing towards the top (see 

port number 3 in Figure 5.60b). The pore-water pressures were dissipated 

from 106 kPa down to 50 kPa as controlled by the compartment pressure in 

the base plate (i.e., port number 2 in Figure. 5.60 b). 

5.4.2 Increasing matric suction tests 

Typical results from increasing matric suction tests in four 

experimental series (i.e., 82' 83' 84 and 85 series) are used to 

illustrate soil behavior during this process. The test was performed 

follow~ng the consolidation test. Having reached the equilibrium 

conditions at the end of consolidation, the pore-water pressure in the 

soil specimen was reduced by decreasing the compartment pressure in the 

base plate. The total stress and the pore-air pressures were maintained 

constant. As a result, the soil matric suction increased to a new value 

under constant net normal stress. 

5.4.2.1 S2 increasing matric suction tests 

The total and water volume changes during the 82ZA increasing matric 

suction test are shown in Figure 5.61. The ratio between the total and 

water volume changes (i.e., dV / dVw) was small (i.e., around 0.04) as 

compared to the same ratio for the consolidation test. This small ratio 

indicated that the total volume changed little while the water volume 

changed significantly during the increasing matric suction process. In 
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Test Type: Increasing Matric Suction Test 
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Figure 5.61 Total and water volume changes during the S2ZA 
increasing matric suction test. 
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other words, the increase in matric suction was more effective in 

reducing the soil water content, than in decreasing the soil void ratio. 

As a result, the degree of saturation decreased significantly during the 

increasing matric suction process. 

The decreasing pore-water pressures at the top, middle and bottom 

regions are illustrated in Fi~lres 5.62, 5.63 and 5.64, respectively. It 

should be noted that the pore-water pressures did not decrease as rapidly 

as the excess pore-water pressure dissipation during the consolidation 

test. The pore-water pressures decreased in somewhat a gradual fashion 

from high pressures to lower pressures. Of course, the pore-water 

pressure decrease in the bottom region was faster than the pressure 

decrease in the top region (see figures 5.62 and 5.64). The temperature 

effects on the pore-water pressure measurements produced pressure 

fluctuations in the top, middle and bottom regions of the specimen. The 

pressure fluctuations seemed to follow daily temperature variations in 

the laboratory with the largest pressure fluctuations occurred in the 

bottom region of the soil specimen (Figure 5.64). Regardless of these 

fluctuations, the mean pressures can still be drawn (Figure 5.64). 

5.4.2.2 83 increasing Rlatric suction tests 

The total and water volume changes during the S30P increasing matric 

suction test are shown in Figure 5.65. A small ratio between the total 

and water volume changes (i.e., dV / dV. of approximately 0.1) was also 

observed in Figure 5.65. The gradual decrease in the pore-water 

pressures during the test are depicted in Figures 5.66, 5.67 and 5.68 for 

the top, middle and bottom regions of the specimen, respectively. The 
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Figure 5.68 Decrease in pore-water pressures during the S30P increasing 
matric suction test. 
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fluctuations in the pressure measurements due to the variation in 

temperature can also be observed in these figures. 

5.4.2.3 S~ increasing matric suction tests 

The results obtained from the S40P test are presented in this 

section as typical results from increasing matric suction tests in the 84 

series. The total and water volume changes during the test are 

illustrated in Figures 5.69 and 5.70. The ratio between the total and 

water volume changes was typically small (i.e., dV / dV. of approximately 

0.07 in Figure 5.69). The test was run for approximately 19.5 days. 

Appreciable amounts of diffused air collected in the base plate 

compartment were removed and measured daily. As a result, the water 

volume change curve could be corrected for the diffused air volumes as 

depicted in Figures 5.69 and 5.70. 

Gradual decreases in pore-water pressure are shown in Figures 5.71, 

5.72 and 5.73 for the top, middle and bottom regions of the soil 

specimen. The pore-water pressures at the bottom region decreased faster 

than at the top region (see Figures. 5.73 and 5.71). However, the 

pore-water pressures in the bottom region were most affected by 

temperature variations in the laboratory (Figure 5.73). Nevertheless, 

the mean pore-water pressures could still be inferred from the three sets 

of data (i.e., Figures 5.71, 5.72 and 5.73). 



295 

S4 0P 

Test Type: Increasing Matric Suction Test 

Properties: Initial Final 

S 88.2 1. 77.9 1. 
e 0.496 0.493 
w 16.3 1. 14.3 1. 
n 0.331 0.330 

stress state Variables [kPa]: 

a 251.0 251.0 
Ua (top) 118.2 118.5 
Uw (bottom) 60.4 40.8 

a - Ua 132.8 132.5 
d(a - ua) 0.3 

Ua - Uw 57.8 77.7 
d(ua - uw) 19.9 

S40P [ S40P12 ]0,:;,. ...___ 

-10 

,..., 
",
• -20 E 
u 
~

>
-30 " en 

L&.I 
(J 
z 
~ -40 1: 
0 
L&.I 
2 
:::> 
..J -50 
0 
> 

-60 

-70 

-~1aJ 0 IDIJ .. .. OeD []J DJ ~ _ c~_

TOTALl 
6 

\A 
~ , 

~
WATER~ ,

'.6 +A ~ CORRECTE~

- +~- ++ +7 AJa Ml + + + 

UNCORRECTED - ~- 6 

r I I I , , I , I I I 

0 4 8 12 16 20 24 28 
(Thousands) 

ELAPSED TIME. t [ min.) 

Figure 5.69 Total and water volume changes during the S40P increasing 
matric suction test. 



296 

WATER VOL. CHANGES Vs. LOG ELAPSED TIME
S40P [S40P14] 

A 

UNCORRECTED --...." 

o 

0 

.... -10 

",
•E 
'" -20..., 
J 
> 
~

fi -30 w 
0 
Z 
~
~
CJ -40 
w 
2 
:;) .... 
0 

-50> 
«w 
~
~

-60 

-70 

-2 

LOG Of ELAPSED TIME. LOG(t) [ min.] 

Figure 5.70 Water volume changes during the S40P increasing matric 
suction test. 



297 

S4-0P: INCREASING lUTRIC SUCTION 
60 + + + a 00 ,.., ~8

dII ~6

-
~
~

54

52
~
P 50 

rn 4-8 
~

~
P 46 
rn 
rn «
Ilrt 
~
~ 42 

~ 40 
Ilrt 

38~
~
I 36 

Ilrt 
~ 34 
0 
~ 32 

30
-2 o

LOG or BLAPSED TIllE. ( t ) [ min. ] 

2 

o CHANNBL 3 + CHANNEL" 

(0) Pr-essure decrease in the top region (semi-logarithmic plot). 
59 

o CHANNEL 358.... 
57

~• 56

-~ 55 

• 
54
53

P 52
.; 51... 
~ 50
P 4:9rn 
rn 4:8
lie 4:7PI: 
~ 4:6 
jlIC 4:5
lie
foo 44

~ 4:3
I 4:2

lie
PI: 4:1 

2 40
39
38

1 DAY 
1---1 

0 0.2 0.4- 0.6 0.8 1 1.2 1.4- 1.6 
(Millions)

TIMB, t [ sec ] 

(b) Pressure decrease in the top region (arithmetic plot). 

Figure 5.71 Decrease in pore-water pressures during the S40P increasing 
matric suction test. 



298 

S(.OP: INCREASING KATRIC SUCTION
82

,... 80 

.. ~8
~
~ ~8- ~4

~
P ~2

~Ofj 

Jill 
'lIl 48 
P 
III 48 
f1 
Jill 44'lIl 
~

• 
42 

Jill 40 

:Eo
38 

I 38 
Jill 
'lIl 

2
34 

32 

30
-2 o

LOG or ELAPSED TIKE, ( t ) [ min. ] 
C CHANNEL ~ + CHANNEL 8 

(a) Pressure decrease in the middle region (semi-logarithmic plot).
61
60 o CHANNEL 5

~9.. 
58 

-
~
~ 57 

• 
56 
55

P 54 
f1 ~3

Jill 52 
~

P 51 
l'J
f1 50
Jill 49~

• 
~ 48 

47 

: 
Jill 
Eo- (,6

(,5
I (.4

Jill (,3'lIl
0 
~

(,2
(,1
(.0

1 DAY 
I---f 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 
(KllUons) 

TIKE, t [ see ] 

(b) Pressure decrease in the middle region (arithmetic plot). 

Figure 5.72 Decrease in pore-water pressures during the S40P increasing 
matric suction test. 



299 

S40P: INCREASING llATRIC SUCTION 
60 

[J (J C 

,... 
~8

~• ~6
~

.... ~4

~
~2P 

rn 50 
III;l 
~ 48P rn 
rn 48IIQ 
~
~ 44 

~
III;l 42 

~
40~

I 
III;l 38 
~
0
~ 36

34

-2 o

(a) Pressure decrease in the bottom region (semi-logarithmic plot). 

LOG OF lLAPSID TIKI, ( t ) [ min. ] 
[] CHANNEL 7 

60 ~-----------------------------.

~8 C CHANNBL 7 

•p 52 

~o

48 

46 

44 

42 

40 

38 

36 

1 DAY 
J---I 

MEAN PRESSURES 

o 0.2 0.4 0.6 0.8 ' 1 1.2 1.4 1.6 
(Killions) 

TIKI, t [ sec ] 
(b) Pressure decrease in the bottom region (arithmetic plot). 

Figure 5.73 Decrease in pore-water pressures during the S40P increasing 
matric suction test. 



300 

5.4.2.4 85 increasing matric suction tests 

The soil for the 85 experimental series remained close to saturation 

up to 100 kPa matric suction. Figure 5.74 illustrates the unusually low 

water volume changes during an increasing matric suction test (i.e., 

850P) as compared to the water volume change that occurred in the same 

tests during other series. In addition, the ratio between the total and 

water volume changes was large (i.e., dV / dV. was approximately 0.5). 

The above volume change characteristics were the results of soil 

conditions which were close to saturation. The water volume change curve 

in a semi-logarithmic plot (Figure 5.75) is similar in shape to the 

decreasing pore-water pressure curves (Figures 5.76, 5.77 and 5.78). 

The decreasing pore-water pressures at the top, middle and bottom 

regions of the soil specimen are shown in Figures 5.76, 5.77 and 5.78, 

respectively. The pore-water pressures appeared to decrease rapidly with 

the fastest rate of decrease occurring at the bottom of the soil 

specimen. This rapid decrease during the increasing matric suction test 

was contrary to the gradual pore-water pressure decrease that commonly 

occurred during similar tests in other series. This differing 

characteristic of the pore-water pressure decrease in the 85 series could 

possibly be attributed to the fact that the soil conditions in 85 series 

were close to saturation. 
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CHAPTER VI 

DATA ANALYSES AND DISCUSSIONS 

6.1 Introduction 

The primary objective of this research program is to study the pore 

pressure development and the consolidation behavior of unsaturated soils. 

The theoretical and experimental parts of the program have been presented 

in Chapters III, IV and V. The experimental results are now analyzed 

using the formulated theory. Distinct and significant characteristics of 

pore pressure and volume changes during each type of drained and 

undrained tests are observed from the results of analyses. Discussions 

and comparisons of the results are made in order to illustrate the 

differing mechanical behavior during the various types of tests. The 

theoretical analyses are used to better understand and rationalize the 

behavior observed from the experiments. 

6.2 Mechanical Behavior During Undrained Tests 

Typi.cal results from the undrained and constant water content tests 

were presented in Chapter V. The test data were reduced to obtain the 

pore pressure parameters. In addition, theoretical calculations using 

the theory outlined in Chapter III were performed. The experimental 

parameters were then compared to the calculated parameters. The 

analytical procedures used in computing the pore pressure parameters and 

the interpretation of the results are outlined in the following sections. 
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6.2.1 Pore pressure parameters 

The results of undrained and constant water content tests from the 

SI, S3, S4, and S5 series are analyzed using a program called "UNEXP" 

(Appendix A). The program calculates the pore pressure parameters based 

upon the experimental results. The pore pressure measurements along the 

cylinder were averaged in accordance with the portion representing each 

port. The difference between the average initial and final pore 

pressures was taken as being equal to the change in pore pressure due to 

the total stress increment. The ratio between the pore pressure change 

and the total stress increment was calculated as the pore pressure 

parameter. The results of undrained loadings from the S2 series were not 

analyzed due to the uncertainties in the total stress increment applied 

to the soil, as explained in Chapter V. 

Calculations were performed for several multistage undrained or 

constant water content loadings in order to obtain an average pore 

pressure parameter. Analyses on individual loadings have also been 

performed and the results exhibited more scatter (Appendix F) than the 

average parameters. The scatter can be attributed in part, to the 

changing compressibility of the soil structure at the various stages of 

loadings. Nevertheless, both the individual and average parameters 

showed similar trends with respect to changes in matric suction. The 

average Bw parameters from the experimental results are plotted against 

matric suctions and degrees of saturation in Figures 6.1 and 6.2, 

respectively. The Bw parameters are shown to decrease with increasing 

matric suctions or decreasing degrees of saturation. In other words, 

most of the total stress increment is transferred to the soil structure 

which becomes more stiff at higher suctions. It appears that the Bw 
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parameters ranged from 0.2 to 0.5 which agreed closely with typical 

values suggested by 8kempton (1954). The curve of Bw parameters shown in 

Figure 6.2 is similar to the results presented by Campbell (1973) (see 

Figures 2.10 and 2.12). In the case of 85 series, the Bw parameters are 

close to unity since the soil remained essentially saturated throughout 

the series. In other words, the total stress increment is fully carried 

by the water phase under the undrained conditions. 

The differing pore-water pressure responses in unsaturated and 

saturated specimens can be observed by comparing Fi~lres 5.9 and 5.12 

(i.e., unsaturated specimens in 33 and 34 series, respectively) with 

Figure 5.15. The horizontal paths in these three figures indicate 

constant water volumes during the constant water content loadings. The 

change in matric suction is small when compared to the change in net 

normal stress during constant water content loadings in the 83 and 

34 series (Figures 5.9 and 5.12). In other words, the Bw pore-water 

pressure parameters are less than 1.0 for the unsaturated specimens. On 

the other hand, the change in matric suction is almost equal to the 

change in net normal stress during constant water content loadings in the 

85 series (Figure 5.15). This indicates that the Bw pore-water pressure 

parameter is close to 1.0 for the saturated specimens. In addition, the 

change in matric suction due to a change in net normal stress decreases 

(i.e., Bw parameter decreases) as the soil matric suction increases as 

shown in Figures 5.7 and 5.10. 

The Bw pore-water pressure parameters can also be computed from the 

theory presented in Chapter III. In all series except the 81 series, the 

loadings were conducted under constant water content conditions. The 

-
equation for the Bw parameter under constant water content conditions was 



s s-
derived in Equation 3.59 (i.e., Bw = IDlk - Caw n) / m2). Although the 

excess pore-air pressures do not develop during the constant 

water content test, the Ba parameter in the Caw term (i. e. , 

Caw = 8 Cw Bw + (1 - 8 + h8) Ba / Ua in Equation 3.13) is not zero. 

Therefore, Equation 3.59 can be used to estimate the Ba parameter that is 

required to arrive at the experimental value for the Bw parameter. The 
s s 

coefficients of volume change, mlk and m2' in Equation 3.59 are 

calculated from the measured volume changes during tests, as explained in 

-
the next section. The estimated Ba parameters corresponding to the 

-
experimental Bw parameters are also plotted in Figures 6.1 and 6.2. 

The Ba parameters are lower than the Bw parameters as predicted from 

-
the theory in Chapter III (see Figure 3.4). The B parameter alsoa 

decreases with increasing_ matric suction or decreasing degrees of 

saturation. However, the decrease in the B parameter does not appear toa 

be as significant as is the Bw parameter for degrees of saturation less 

than 90%. At degrees of saturation between 90 to 100 percent, the Ba and 

Bw parameters increase rapidly towards an equal value of 1.0 at 

saturation. The rapid increase in the B parameters beyond a degree of 

saturation of 90% was also observed for the Champaign till by Campbell 

(1973) (see Figures 2.11 and 2.12). In the case of 85 series, both 

parameters were essentially equal to 1.0 since the soil remained 

essentially saturated (i.e., 8 = 1) for all matric suction values. 

6.2.2 Volume change characteristics 

Compression of the soil structure during undrained or constant water 

content loadings was quite small as compared to the volume changes during 
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drained tests (see Chapter V). The undrained compressions however, 

seemed to increase slightly with increasing matric suctions (Figure 6.3). 

Larger volumes of air at high suctions (i.e., low degrees of saturation) 

resulted in a higher compressibility for the air phase. The high 

compressibility of air is demonstrated by the compression curve 

calculated using Boyle's law (Figure 6.3). The calculated curve is 

obtained by assuming that the total stress increment is fully transferred 

to the air phase (i.e., B =1.0) and the compression of the water phasea 

is negligible. The difference between the calculated and the 

experimental compressions is attributed to the decreasing compressibility 

of the soil structure as the matric suction increases. In other words, 

most of the total stress increment is carried by the soil structure which 

has become more rigid at higher suctions. This condition is reflected by 

the low pore pressure parameters at high matric suctions (Figures 6.1 and 

6.2). 

The difference between the calculated and experimental compressions 

decreases with decreasing matric suctions. As the matric suction 

approaches zero (i.e., S approached 1.0), the Ba parameter approaches 

unity as assumed in the calculated compression curve. In other words, 

the experimental compressions approach the calculated compressions when 

the Ba parameter approaches an assumed value of 1.0. At saturation, the 

soil compression during undrained loading approaches the compression of 

the water phase. 

6.2.3 Comparisons with theoretical analyses 

Theoretical calculations of the pore pressure parameters can be 

obtained in accordance with the formulations outlined in Chapter III. 
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-
The predicted Ba pore-air pressure parameters were computed using Hilf's 

analysis (Figure 3.57) that was implemented in the "UNDRA" program 

(Appendix A). The computation utilized the initial degree of saturation 

and the porosity prior to the loading test. The soil compressibility, 
s 

mtk, computed directly from volume change measurements during each 

loading, is used in the calculation of Ba parameters. The calculation of 
s 

the mlk coefficient during the loading process is best illustrated in 

Figure 3.8. The sum of volume changes during the loading test (i.e., 

path AB in Figure 3.8) and during the subsequent consolidation test 
s 

(i.e., path Be in Figure 3.8) was used to calculate the mlk coefficient. 
s 

In this case, the mlk coefficient is calculated as the ratio of the total 

volume change to the change in net normal stress (i. e. , 

s 
mlk =d (Vv / Vo) / d (0 - ua)) on a constant matric suction plane 

(i.e., path AC in Figure 3.8). 

The computed Ba parameters from Hilf's analyses (E~lation 3.57) are 

-
compared with the Ba parameters estimated from Equation 3.59 (see 

Figures 6.1 or 6.2) and the results are presented in Fi~lre 6.4. There 

is reasonably good agreement between both calculations of the Ba 

parameters for different pairs of Ba vailles, except for one set of 

results from 84 series. The poor agreement in this particular set of 

results is attributed to errors associated with the measurement of the 
s s 

volume change coefficients (i.e., mlk and m2 coefficients). The volume 

change measurements used in calculating the coefficients appear to have 

been significantly affected by temperature fluctuations during the test. 

Nevertheless, Hilf's analyses appear to be sufficiently accurate for 



315 

1 

0.9 

O.B
Vl 
V) 

0.7~
<{
Z« 0.6 
(f) 

La.. 0.5
--J 
I 

0.4 
~
0 
a::: 0.3u.. 

1m
a

0.2 

0.1 

o 
o 0.1 

fo 1/l-

I-

- 1/
-

i~

" / 
c-

D 

- V--
.. /.. 
l-

V .. 

I~.. 

/ • Sl f--
- 0 S3 

V 
-.. 

0 0 54l-
I- el- f). 55 

f.!? -
I I I I I I I I I. .... ... .... .... .... .... 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Ba REQUIRED 

TO ARRIVE AT Bw EXPERIMENTS 

Figure 6.4 Comparisons of Ba parameters. 



316 

computing the Ba parameters for unsaturated soils as demonstrated in 

Figure 6.4. 

The theoretical simulation of Bw parameters is performed using 

E~lation 3.59 for constant water content loadings. The Ba parameter from 

Hilf's analysis is used in calculating the compressibility, Caw, in 
s 

Equation 3.59. The mlk coefficient computed previously for Hilf's 

-
analysis is used again in Equation 3.59 for the calculation of Bw 

s 
parameter. The m2 coefficient in Equation 3.59 is obt.ained from volume 

change measurements during the consolidation test following the loading 

(i.e., path Be in Fi~lre 3.8). It is assumed that the slopes of paths 
s 

Be and CB (i.e., loading and unloading) are equal. The m2 coefficient 

was calculated as the ratio between the total volume change and the 
s 

change in matric suction (i.e., m2 = 
constant net normal stress plane (i.e., path Be in Figure 3.8). The net 

normal stress remains constant during the consolidation process following 

the constant water content loading (i.e., path B C in Figure 3.8). 

The simulated Bw parameters can be compared to the Bw parameters 

from experiments and the comparisons are presented in Figure 6.5. The Bw 

comparisons exhibit more scatter than the previous Ba comparisons 

(Figure 6.4), although both parameters are interrelated. The increased 

scatter in the Bw parameters is believed to be related to inaccuracies 
8 

associated with the measurement of two compressibilities (i.e., mlk and 
s 

m2 coefficients) in Equation 3.59. In computing the Ba parameters with 

Hilf's analysis (i.e., Equation 3.57), only one compressibility 
8 

measurement is required (i.e.. , mlk coefficient). In addition, any error 
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-
associated with the Ba parameter from Hilf's analysis may affect the 

simulation of the Bw parameter computed using Equation 3.59. 

6.3 Mechanical Behavior During Drained Tests 

Typical results from drained tests (i.e., consolidation and 

increasing matric suction tests) have been presented in Chapter V. The 

results were analyzed in order to study the behavior of pore pressure and 

volume changes during drained tests. Theoretical analyses using the 

theory outlined in Chapter III are conducted in order to simulate the 

experimental results. The theoretical and experimental results are then 

compared in terms of the pore pressure isochrones and volume changes for 

each test. Typical comparisons are presented in this chapter and the 

remaining results are documented in Appendix F. Techniques associated 

with the numerical simulations are also described in this chapter. 

The volume and mass measurements during the tests are analyzed in 

order to obtain the relationships between the soil volume-mass properties 

and the stress state variables. 

6.3.1 Pore pressure characteristics 

The excess pore-air pressures developed during an undrained loading 

has been shown to dissipate extremely fast during the subsequent 

consolidation test (see Chapter V). However, the excess pore-air 

pressures during undrained loading only occurs in the 31 and 32 test 

series. In the 33' 34 and 35 test series, the excess pore-air pressures 

did not develop during the constant water content loadings. The 

essentially instantaneous dissipation of excess pore-air pressure 
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indicates a condition of continuous air phase in the soil specimen at a 

matric suction as low as 13 kPa (i.e., SlFG test). 

Comparisons between the consolidation and increasing matric suction 

test results reveal that the pore-water pressure dissipation in the 

consolidation test occurs at a faster rate than the pore-water pressure 

decrease in the increasing matric suction test. Figure 6.6 shows an 

idealized comparison between the differing pore-water pressure behavior 

during the consolidation and increasing matric suction tests for an equal 

reduction in pore-water pressure. In the consolidation test, the 

pore-water pressures dissipate rather rapidly and equilibration is 

achieved within a short period of time. In the increasing matric suction 

test, the pore-water pressure dissipates gradually and equilibration 

requires a long period of time. 

The different rates of the pore-water pressure equalization between 

the consolidation and increasing matric suction tests is reflected by the 
w w 

different coefficients of consolidation, cv, (i.e., kw / Pw g m2 in 

Equation 3.71) obtained from the tests (see explanation in later 

sections). It is shown later that the permeability value, kw , is 
w 

practically the same for both tests. Therefore, the differing Cy values 
w 

are primarily caused by the different m2 coefficient, for the consolida

tion and increasing matric suction test. It is explained later that the 
w w 

m2 coefficient for the consolidation test is smaller than the m2 coeffi
w 

cient for the increasing matric test. As a result, the Cy value during 
w 

consolidation is higher than the Cy value during the increasing matric 

suctioy{ tests. In other words, the pore-water pressure dissipation 

during a consolidation occurs at a faster rate than the pore-water 

pressure decrease during an increasing matric suction process. 
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6.3.2 Volume change characteristics 

Comparisons between volume change measurements during the 

consolidation and increasing matric suction tests are idealized in 

Figure 6.7. In both tests, the total volume change is small. However, 

the water volume change during increasing matric suction test is 

significantly larger than the water volume change during a consolidation 

test. In other words, the ratio of the total volume change to the water 

volume change during increasing matric suction tests is negligible. On 

the other hand, the total volume change during consolidation is 

significant when compared to its water volume change. Figure 6.7 

demonstrates the effectiveness of increasing matric suction in reducing 

the volume of water in the soil. The consolidation process caused by an 

increase in total stress is not as effective as the increasing matric 

suction process in expelling water from an unsaturated soil. 

The time required for equilibration during the consolidation process 

is smaller than the equilibration time required for the increasing matric 

suction process as illustrated in Figure 6.7. The differing 

equilibration time is in agreement with the differing equalization times 

as demonstrated in Figure 6.6. 

The consolidation and increasing matric suction tests in 83' 84 and 

85 series are conducted under a constant net normal stress. The excess 

pore-air pressures are not developed during the constant water content 

loadings preceding consolidation. Therefore, only the pore-water 

pressure decreases during the consolidation and increasing matric suction 

tests. As a result, the volume changes measured during these tests 
s w 

(i. e. , Figure 6.7) can be used to calculate the m2 and m2 coefficients 
s •(i.e., m2 = d(Vv / Vo) / d(ua - uw) and m2 = d(Vw / Vo) / d(ua - u.)). 
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s w 
The m2 and m2 coefficients obtained from the volume change measurements 

during the consolidation and increasing matric suction tests are 
w 

summarized in Figures 6.8 and 6.9, respectively. The m2 values are 
s 

greater than the m2 values for both the consolidation and increasing 

matric suction tests, because the water volume change, dVw' are always 

larger than the total volume changes, dVv (Figure 6.7). 
w 

Comparisons between Figures 6.8 and 6.9 reveal that the m2 

coefficient from the increasing matric suction test is generally larger 
w w 

than the m2 value from the consolidation test. The difference in the m2 
w 

values from both tests was explained previously to result in a higher Cv 

value or a faster dissipation during the consolidation test than during 
8 

the increasing matric suction test. However, the m2 coefficients from 

both tests appear to vary with suctions within an equal range. 
s w s 

Several other coefficients of volume change (i.e., mt, mt, m2 and 
w 

m2) are also plotted in Figures 6.8 and 6.9 for comparison purposes. The 
s w 

mt and mt coefficients are obtained from a conventional consolidation 
s w w 

test on a saturated slurried specimen (i.e., mt is equal to mt). The m2 

values were calculated from the soil-water characteristic curve which was 
w 

obtained from Tempe cell tests (see Chapter IV). The m2 coefficients 
w 

from Tempe cell tests agreed closely with the m2 values from the 
s 

increasing matric suction tests (Figure 6.9). The m2 coefficients are 
w 

obtained from the shrinkage curve (see Chapter IV) and the m2 values 
s 

from the Tempe cell tests. Similarly, the m2 coefficients from the 
s 

shrinkage curve agree with the rn2 values from the increasing matric 

suction tests (Figure 6.9). 
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s w 
The m2 and m2 coefficients from the consolidation and increasing 

matric suction tests appeared to increase to a peak value and then 

decrease as the matric suction increases. This behavior can best be 

illustrated by considering the constitutive surfaces at a constant net 
s w 

normal stress plane (Figure 6.10). The m2 and m2 coefficients are the 

slopes of the soil structure and the water constitutive relations, 

respectively. At the initial stage, the soil structure and water volumes 

gradually decrease as the soil matric suction increases. Beyond a 

certain matric suction value, the total and water volumes decrease 

significantly and eventually slow down again at higher matric suctions. 

The changing rates of total and water volume change at various matric 
s w 

suctions result in the varying m2 and m2 coefficients with respect to 

matric suction as demonstrated in Figures 6.8 and 6.9. 

6.3.3 Coaparisons with theoretical analyses 

The consolidation and increasing matric suction test results from 

the 83, 84 and 85 series were simulated using the theory presented in 

Chapter III. The 81 and 82 test series were considered as a pilot study 

and the results were not simulated. The theoretical analyses were 

performed using a program called "CON8N" (Appendix A). The variables 

used in each simulation process are tabulated in Appendix F. 

6.3.3.1 83 drained tests 

Two typical results of numerical simulations from the 83 series are 

described in this section (i.e., 83N30 and 830P for consolidation and 
w 

increasing matric suction tests, respectively). A constant Cv value was 
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used during the simulation of each test (i.e., Equation 3.71 became: 
w 

I at = Cv It was assumed that the soil 
w w 

properties (i.e., k, m2 and cv) did not change significantly during each 

test which was commonly performed over a relatively small change in 
w 

matric suction (i.e., around 20 kPa). However, the Cv value was varied 

from one test to another since it involved a larger range of matric 

suction change. In other words, the soil properties were a function of 

matric suctions, but were considered to be constant within a single test. 

Figure 6.11 illustrates the compar.isons between the theoretical and 

experimental results of the S3N30 consolidation Test. The pore-water 

pressures were dissipated from a pressure of approximately 95 kPa to 71 

kPa (Figure 6.11a). As a result, water flowed downward during the 

consolidation test. However, the experimental pore-water pressures 

showed a lower pressure at the top than in the middle of the specimen. 

In other words, a small water efflux from the top of the specimen 

appeared to be occurring during the test. This water efflux could 

possibly be attributed to the water vapor flow (i.e., evaporation) from 

the soil specimen to the air chamber on top of the cylinder. Therefore, 

a varying water efflux on the top of the specimen was used in order to 

more closely simulate the experimental profiles of pore-water pressures. 

The water efflux used in the simulation varied from 8 x 10-12 mls down to 

4 x 10-13 mls as the elapsed time increased. 

The theoretical simulation was commenced with a constant value of 
w w. w 

Cv that was estimated from the kw and m2 values (i.e., Cv = kw I Pwg m2) . 

•
The k. and m2 values were calculated from the unsaturated permeability 

w 
function (see Chapter IV) and the m2 relationship in Figure 6.8, 

w 
respectively. The CONSN program was then run using the computed Cv and 
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w w 
m2 values. The constant cv value was used to calculate the 

pore-water pressure profiles at different times during the test 
w w 

(i.e., auw / at = Cv a 2 Uw / ay2). The m2 value was used to 

compute the water volume changes in accordance with Equation 3.62 (i.e., 
5 

(i.e., dVw / Va = Similarly, the m2 value could be 
5 

estimated from the m2 relationship in Figure 6.8 and its value was used 

to calculate the total volume change in accordance with Equation 3.73 
5 

(i.e., dVv / Va = - m2 duw). 

The simulated pore-water pressure profiles and volume changes were 

then compared with the experimental results. Attempts were made to 

closely match the earlier portion of the experimental results (i.e., 

pore-water pressure and volume changes). Deviations between the 

theoretical and experimental results at the later part of the test were 

anticipated as the result of temperature fluctuations. The effects of 

temperature fluctuations became more significant towards the end of the 

test when the rates of pressure change decreased. As a result, the 

experimental volume changes that were significantly affected by the 

cyclic temperature variations (see Chapter V) were larger than the 

simulated volume changes as illustrated in Figure 6.11b. If the 

simulation results did not match the experimental results, the above 
'" 'tV 5 

simulation procedure was repeated using revised values of cv, m2 and m2· 

The above trial and error procedure was repeated until the best 

simulation of the results was obtained as illustrated in Figure 6.11. At 

this stage, the coefficient of permeability with respect to water, k"" 

'" '" during the test was computed as (cv pw g m2)' 
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The simulation results in Figure 6.11 were obtained using a varying 

water efflux at the top of the specimen. A second att.empt at simulation 

was performed by applying a constant water efflux throughout the test. 

The best simulation results were obtained for a constant water efflux of 

2.0 X 10-12 mls as shown in Figure 6.12. The constant water efflux 

condition did not accurately simulate the experimental pore-water 

pressure profiles as well as when the water efflux conditions were 

varied (compare Figure 6.12 with Figure 6.11). It appeared that a 

varying water efflux was required in order to closely match the 

pore-water pressure profiles. The water loss, caused by the efflux at 

the top of the specimen, has been calculated and the magnitude was fOlmd 

to be negligible when compared to the water volume changes during the 

test. In other words, the water efflux at the top was required in orner 

to produce a realistic boundary condition at the top of the specimen. 

Similar simulation procedures were applied to the increasing matrlc 

suction test results of the S30P test. Figure 6.13 demonstrates good 

agreement between the theoretical and experimental results of the S30P 

test. A varying water efflux of 5 to 1 X 10-12 mls at the top of the 

specimen was used in the simulation. 
w w s 

The cv, kw, m2 and m2 values obtained from the best simulations of 
w 

drained tests in the S3 series are tabulated in Appendix F. The Cv 

values used in the simulation of drained tests are plotted with respect 
w 

to matric suctions in Figure 6.14. The plot indicates decreasing Cv 
w 

values with increasing matric suctions and higher Cv values during the 

consolidation tests than during the increasing matric suction tests. 

The coefficients of permeability, kw, used in the simulations of the 

83 drained tests are plotted against matric suctions in Figure 6.15. The 
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permeability values decreased with increasing matric suctions as the 

tests proceeded in the 83 series. However, the permeability did not 

decrease as rapidly as suggested by the unsaturated permeability 

functions obtained from the soil-water characteristic curve (see 

Chapter IV). In addition, there was no significant difference between 

permeabilities obtained from consolidation and increasing matric suction 

tests. 
w s 

The m2 and m2 coefficients of volume change used in the simulations 

of consolidation and increasing matric suction tests are plotted in 

Figures 6.16 and 6.17, respectively. The characteristics of both the 
w s 

m2 and m2 relationships are similar to the behavior observed previously 

in Figures 6.8 and 6.9. 

6.3.3.2 84 drained tests 

The results of numerical simulation of the 84N30 consolidation test 

are depicted in Figure 6.18. The experimental pore-water pressures 

indicated some impedance at the base of the soil specimen (Figure 6.18a). 

The pore-water pressures at the bottom of the specimen did not dissipate 

as fast as the theory would predict. Therefore, an impeded boundary 

condition was used at the bottom of the specimen during the simulation 

process. The coefficient of permeability of the disc, kd, was reduced 

one hundred times (i.e., kd = 4.2 x 10-8 mls was reduced to 4.2 x 10-10 

m/s) in order to impede the flow of water at the base during the 

simulation process. In addition, a varying water efflux at the top of 

the specimen (i.e., from 9 x 10-12 mls to 2 x 10-12 m/s) was also 

required in the simulation. The best simulation results are shown in 
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Figure 6.18 which illustrates good agreement between the ~imulated and 

experimental results. 

An attempt was also made to simulate the S4N30 test results using a 

constant water efflux at the top (i.e., 5 x 10-12 m/s) throughout the 

simulation process. However, the best approximations could not 

accurately simulate the experimental pore-water pressures at the top of 

the specimen (Figure 6.19a). Therefore, a varying water efflux at the 

top was used throughout the numerical simulation process. 

Another typical set of results showing a simulation are presented in 

Figure 6.20 for the S40P increasing matric suction test. The simulation 

results appear to agree reasonably well with the experimental results. A 

varying water efflux at the top (i.e., from 6 x 10-12 to 1 X 10-14 m/s) 

and a twenty time reduction in the disc permeability (i.e., 
w w 

1<d = 2.1 X 10-9 m/s) were used in the simulation process. The Cy, m2 
s 

and m2 values used in the calculations were constant values. 

A second attempt was made to simulate the S40P test results by using 
w w s 

a varying value of Cy while maintaining constant m2 and m2 values. The 
w 

Cy value was decreased linearly as the matric suction increased. 

However, the water efflux and the impedance were not used in the 

simulation. The results are presented in Figure 6.21. Comparisons 

between Figures 6.20 and 6.21 indicate that the condition with a varying 

water efflux at the top and an impeded boundary condition at the base was 

necessary to produce better simulation of the experimental results. 

An impeded boundary condition at the base could be attributed to a 

significantly lower permeability at the bottom of the soil specimen. The 

fine particles (e.g., silts and clays) appear to be at the bottom of the 

specimen. Figure 6.22 shows the grain size distributions obtained from 
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different elevations along the specimen. It appears, that the soil layer 

immediately above the high air entry disc contained more silts and clays 

than the soil layers at higher elevations. In fact the percentage of the 

fine materials gradually decreased towards the top of the specimen 

(Figure 6.22). This would suggest that there may have been a downward 

migration of the fine materials. As a result, the bottom soil layer 

would have a much lower permeability than the soil layers at higher 

elevations. In addition, the highest matric suctions occurred at the 

base of the specimen. Therefore, the bottom of the specimen could be 

expected to have the lowest permeability which reduced the effective 

permeability of the disc (i.e., impeded boundary condition). 
w • s 

The cv, k., m2 and m2 values obtained from the best simulations of 

drained tests in the 84 series are tabulated in Appendix F. The combined 
w 

Cv values from the simulations of the 83 and 84 drained tests are plotted 

in Figure 6.23 with respect to matric suctions. These values were 

•obtained from simulations using constant Cv values. The curves in 
w 

Figure 6.23 clearly indicate the decreasing Cv values with increasing 
w 

matric suctions and higher Cv values during the consolidation tests than 
w 

during the increasing matric suction tests. The Cv values range from 

8 X 10-6 m2/s to 3 x 10-7 m2 /s for the consolidation tests. In the 
w 

increasing matric suction tests, the Cv values range from 8 x 10-6 m2 /s 
w 

to as low as 3 x 10-8 m2/s (Figure 6.23). The higher Cv values during 

the consolidation tests resulted in a faster pore-water pressure 

dissipation during consolidation than during the increasing matric 

suction processes. 

The k. values from the simulations of the 83 and 84 drained tests 

are plotted against matric suction in Figure 6.24. The permeability 
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values appear to decrease with increasing matric suctions at a slower 

rate than the rate suggested by the unsaturated permeability functions. 

This discrepancy could be attributed to the di.fference in void ratios 

during the experimental test series (i.e., 83 and 84 series) and the 

Tempe cell tests. The unsaturated permeability functions were computed 

from the soil-water characteristic curves that were obtained from the 

Tempe cell tests (see Chapter IV and Appendix B). It was fOlmd that the 

void ratios during the Tempe cell tests were higher than the void ratios 

during the experimental test series (i.e., 83 and 84 series). The 

differing void ratios during the Tempe cell test and the experimental 

test series are explained in later sections. Therefore, the Tempe cell 

specimens would be anticipated to contain many large pores and some small 

pore sizes. On the other hand, the soil specimens of the 83 and 84 

series probably contained mainly pores of relatively small size. 

The large pores in the Tempe cell specimens would drain quickly with 

increasing matric suctions. This caused a more rapid reduction in 

permeability during the Tempe cell tests. However, the small pores in 

the 83 and 84 specimens would drain slowly with increasing matric 

suctions. As a result, the permeability decreased gradually with 

increasing matric suctions during the 83 and 84 drained tests. The above 

explanation is analogous to the comparison of the permeability function 

for coarse grained soils with large pores and the fine-grained soils with 

mainly small pore sizes. 

The gradual decrease in the unsaturated permeability function is in 

agreement with the permeability function analyzed using the outflow 

method (see Appendix B). The results from the outflow method do not 
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indicate any significant difference between the permeabilities obtained 

from the consolidation and increasing matric suction tests. 
W 5 

The m2 and m2 coefficients of volume change used in the simulations 

of the S3 and S4 series are plotted in Figures 6.25 and 6.26 for the 

consolidation and increasing matric suction tests, respectively. The 

curves exhibit si.milar behavior to the curves in Figures 6.8 and 6.9. 

6.3.3.3 35 drained tests 

Several typical results from the S5 drained tests where the soil was 

essentially saturated throughout the series, are presented and described 

in this section. Figure 6.27 shows the simulation results of the S5N30 

consolidation test as compared to the experimental results. The 
w 

simulation was performed using a constant Cy value of 1.1 x 10-6 m2 /s, a 

varying water efflux at the top and an impeded boundary condition (i.e., 

kd was reduced 100 times to 4.2 x 10-10 m/s). There was reasonably close 

agreement between the theoretical and experimental results as shown in 

Figure 6.27. 

Another simulation on the S5N30 test results was performed without 

using water efflux at the top and impedance at the base. The best 
w 

possible simulation occurs with a constant Cy value of 9.2 x 10-7 m2/s. 

However, this still did not properly simulate the experimental pore-water 

pressure profiles as demonstrated in Figure 6.28. In other words, the 

water efflux at the top and the impedance at the base appear to be 

necessary in the simulation process. 
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Another set of results from the 85LM increasing matric suction test 
w 

is presented in Figures 6.29 and 6.30. A constant Cv value, a varying 

water efflux at the top and an impeded boundary condition (i.e., kd 

was reduced 100 times to 4.2 x 10-10 m/s) were used to simulate the 

results in Figure 6.29. On the other hand, the simulations in Figure 
w 

6.30 were obtained using varying values of Cv and neglecting the water 

efflux and the impeded boundary condition. The comparison between 

Figures 6.29 and 6.30 demonstrates the need of using a water efflux at 

the top and an impeded boundary condition at the base for a better 

simulation of the experimental results. 
w w s 

The cv, kw' m2 and m2 obtained from the best possible simulations of 

the 85 drained tests are tabulated in Appendix F and illustrated in 

Figures 6.31, 6.32, 6.33 and 6.34. These properties were obtained from 
. w 

the simulations using constant Cv values. These properties show little 

fluctuation with respect to matric suction changes (Figures 6.31 to 6.34) 

indicating saturated soil behavior. This characteristic is different 

than the varying properties obtained on the unsaturated soil specimens 

with changing matric suctions as observed in the 83 and 84 test series 

(i.e., Figure 6.23 to 6.26, inclusive). 
w s 

On average, the m2 and m2 coefficients from the saturated 85 soil 

are lower than the same coefficients from the unsaturated 83 and 84 soils 

(compare Figures 6.33 and 6.34 to Figures 6.25 and 6.26). This is in 

agreement with the idealized constitutive surfaces shown in Figure 6.10. 
w s 

When the soil is saturated (i.e., S =100%), the m2 and m2 coefficients 

are small and approximately equal in magnitude (see Figures 6.33 and 
w 

6.34). However, the m2 coefficients increase at a higher rate than the 
s 

m2 coefficient when the soil desaturates (i.e., 8 is less than 100%). As 
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w s 
a result, the m2 values become higher than the m2 values as demonstrated 

in Figures 6.25 and 6.26. 

The permeability values from the saturated specimen of the 85 test 

series remain essentially constant with increasing matric suctions as 

shown in Figure 6.32. 
w 

The resulting Cv values from the 85 series are essentially constant 

and equal for both the consolidation and increasing matric suction tests 

(Figure 6.31). 
w 

The Cv values in Figure 6.31 are also considerably higher than most 
w 

of the Cv values from the unsaturated specimens of the 83 and 84 tests 

(Figure 6.23). This difference explains the rapid pore-water pressure 

decrease during increasing matric suction tests in the 85 series as 

compared to the gradual pore-water pressure decrease in the same tests 

in the 83 and 84'series. 

6.3.4 Characteristics of volume-mass properties 

The volume-mass properties of the soil specimens (i.e., e, w, 8, 8w 

and Vw / Vol changed throughout each drained test. The differing 

behavior of the volume changes during the consolidation and increasing 

matric suctions are explained in this section. In addition, the 

differing volume change characteristics of the unsaturated specimens 

(i.e., 81' 82' 83 and 84 series) and the saturated specimen (85 series) 

during drained tests are outlined. 
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6.3.4.1 Volume-mass properties from S1' S2, 83 and S4 test series 

The projections of the (Vv / Vo) and (Vw / Vo) surfaces onto the net 

normal stress and matric suction planes are illustrated in Chapter V for 

all the test series. The projections of the void ratio, e, and the 

gravimetric water content, w, surfaces onto the net normal stress and 

matric suction planes are documented in Appendix E. There is a distinct 

difference between the (Vw / VO VS. (ua - uw» relationships from the 

consolidation and increasing matric suction tests in the 83 and S4 test 

series (i.e., Figures 5.9 and 5.12). In these series, the soil specimens 

were unsaturated (i.e., S is less then 100%). The water volume changes 

during the consolidation tests were significantly smaller than the water 

volume changes during the increasing matric suction tests. Subsequently 
w w 

the m2 coefficient during the consolidation tests was smaller than the m2 

coefficient during the increasing matric suction test. This 

characteristic was consistent throughout both the 83 and 84 series. 

The (Vw / Vo) versus (ua - uw) relationships from all the test 

series are combined in Figure 6.35. The void ratios associated with 

these tests were approximately the same (Figure 6.36) even though the 

tests corresponded to various net normal stresses. Therefore, the 

effects of net normal stress in Figure 6.35 are negligible. 
w 

The distinct difference between the m2 coefficients from the con

solidation and increasing matric suction tests appears to be consistent 

in all the test series as indicated in Figure 6.35. Similarly, the 

different characteristics of volume change can also be observed in the 

combined plots of the gravimetric and volumetric water content as shown 

in Figures 6.37 and 6.38, respectively. The differing water volume 

change behavior during the consolidation and increasing matric suction 
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tests are best visualized in an idealized plot as presented in 
w 

Figure 6.39. The smaller m2 coefficient in the consolidation tests 

resulted in faster pore-water pressure dissipation as compared to the 

pore-water pressure decrease in the increasing matric suction test. The 

coefficients of permeability, kw, during both tests do not seem to be 

different as explained in the previous sections. 

The different water volume change behavior during the consolidation 

and increasing matric suction tests can be attributed to the hysteresis 

phenomena. This is analogous to the compression and recompression curves 

associated with conventional consolidation testing. During the 

increasing matric suction tests, the matric suction increases to a 

magnitude to which the soil has never been subjected. In the 

consolidation test, the soil is reloaded to the matric suction to which 

the soil has previously been subjected. This matric suction is equal to 

the suction value prior to the undrained or constant water content 

loading which precedes the consolidation process. The consolidation 

curves in Figure 6.39 are similar to the scanning curves commonly 

referred to in soil science (Figure 6.40). 

The increasing matric suction curves obtained from the experimental 

series are the same as the soil-water characteristic curve. However, 

these experimental characteristic curves appear to be higher than the 

soil-water characteristic curves obtained from the Tempe cell tests (see 

Chapter IV) as depicted in Figures 6.35, 6.37 and 6.38. In other words, 

the soil specimen had a higher water content during the increasing matric 

suction tests in the Ko-cylinder than during similar tests using the 

Tempe cell. This discrepancy might be attributable to the application of 

net normal stress during the experimental series in the Ko-cylinder. The 
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Tempe cell tests are performed without the application of a net normal 

stress. 

A further experiment was conducted in order to better understand 

this discrepancy. The experiment was called the 86 series. A slurried 

specimen was placed in the Ka-cylinder and subjected to increasing matric 

suctions under zero net normal stress. The matric suction was increased 

by applying an air pressure and maintaining zero pore-water pressures. 

As a result, this test simulated the Tempe cell test conditions. 

The (Vw I Va versus (ua - uw» relationship from the 86 test series 

appears to coincide with the increasing matric suction curves from 

previous experimental series as illustrated in Figure 6.35. This means 

that the soil-water characteristic curves obtained from the Ko-cylinder 

are essentially unique for the conditions with and without the 

application of net normal stress. Thus, the applications of net normal 

stresses during the experimental series are not the main cause for the 

difference in the soil-water characteristics. The influence of net 

normal stress on the void ratio appears to be negligible at matric 

suctions greater than approximately 10 kPa (see Figure 6.36). 

The (Vw I Va) curve from the Tempe cell test is still lower than the 

(V./Vo ) curve from the 86 series. However, the (Vw I Vo) curve from the 

86 test series is essentially parallel to the (V. I Va) curve from the 

Tempe cell test (Figure 6.35). Both (V. / Vo) curves appear to merge at 

high matric suctions. The reason for the difference in the (Vw I Va) 

curves from the Ko-cylinder and Tempe cell tests is considered to be 

caused by the differing consolidation pressures due to the specimen's 

weight in both tests. The height of the specimen in the Ko-cylinder 

(i.e., 25 em) is several times greater than that in the Tempe cell (i.e., 
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5 cm). As a result, the tall specimen in the Ko-cylinder has a lower 

void ratio due to consolidation by its own weight as compared to the 

short specimen of Tempe cell (Figure 6.36). The void ratios were 

different at the beginning of the tests and remained essentially constant 

at higher matric suctions regardless of the application of net normal 

stress in the Ko-cylinder experiments. 

The specimen in the Tempe cell at low applied pressures would be 

expected to contain large and small pores where the larger pores would 

drain first upon increasing the matric suction and then cause the soil to 

desaturate at low suctions (Figure 6.41). The specimen in the 

Ko-cylinder had been consolidated under a higher applied pressure and as 

a result, it contained smaller pore sizes. The reduction in size of the 

large pores has been observed by Griffiths and Joshi (1989) who stated: 

"The volume decrease due to consolidation of clays has been found to be 

due to changes in the volume of the largest existing pores. The change 

is represented as a reduction in total porosity and a shift towards 

smaller pores". As a result, the soil specimen in the Ko-cylinder 

desaturated at higher suctions due to the smaller pore sizes in the soil 

(Figure 6.41). The early desaturation process in the Tempe cell test 

results in a lower volume of water in the soil specimen as compared to 

the specimen in the Ko-cylinder. Therefore, the soil-water 

characteristic curves from the Tempe cell tests are lower than the curves 

from the experimental test series in the Ko-cylinder (Figures 6.35 and 

6.37). 



i 

56 

'" 

CONSOUDATION 

TEMPE 

"'~
# "x 

K 

'" 

x~ats:;:",~=:::::__"....... .I(.of~/C

"(f~
0+ 

I 

56 • 

100 f)f it < X::C:Xii 'Jl(Ji ..... 

90 
U1 .. 
Z 
o 
« 
~

80a:: 
::> 
ti: 

76%(f) 

L&
a 70 
w w o 51 SERIESa:: 

TEMPE 

"~
~ 52 SERIES v TEMPE 4ffi 

C) 
+ 53 SERIES ~ TEMPE 3

x 54 SERIES

60 

- ", * 3181 56 SERIES 

! ! ! ! --- :iTEMPE50 
o 20 40 60 80 100 

MATRle SUCTION, ( ua - uw) ( kPa ) 

Figure 6.41 Degree of saturation versus matric suction 
obtained from the experimental series. 

relationship W 
-...J 
tV 

4 



-~
~

~
o o 
~

~
==

40 I 

35 I
INITIAL • 
FINAL I 

30 .... 

25 r- ~
H 
v~ <> 

~ If ~~
•20 t 8 ~,

<> 

15 ~

10 ' 
0 

Figure 6.42 

~ 55 SERIES v TEMPE 4 H TEMPE 3 

, • 

WATER CONTENT vs. MATRIC SUCTIONS 
FOR 

S5 • SLURRY SPECIMENS 
'S5' SERIES Wo = 36.4 0/. eo =0.98 

Wf • 18.4 % ef =0.49 

(wf =0.51 wo ) ( e f = 0.5 eo ) 

50 =5 f = 100 0/0 

<\> <> ~
~. <> <> a ~ 8~ ~ 0 ~ 0 • 

<> 

~

tJ 
,I I I 

20 40 60 80 100 

MATRIC SUCTION. ( u - ) ( kPa ) a uw

Water content versus matric suction relationship obtained 
from the 85 test series. v.;l 

....:l 
v.;l 



374 

6.3.4.2 Volume-mass properties fro. the 85 test series 

The gravimetric water content versus matric suction relationship 

from the 85 test series is shown in Figure u.42. The water content in 

the saturated specimen changed rapidly at low suctions and showed little 

variation at higher matric suctions. This is unlike the considerable 

water content variation when the soil has started desaturation (compare 

Figure 6.42 and 6.37). The percentage of the water content change at the 

end of the series (i.e., 50 percent) was found to be equal to the 

percentage of the void ratio change. Of course, most of these changes 

occurred at low matric suctions (Figure 6.42). As a result, the degree 

of saturation of the soil remained at approximately 100 percent even when 

the soil was subjected to a matric suction of approximately 100 kPa at 

the end of the series. The small variation in the water volume changes 

with increasing matric suctions is also reflected in the 8w and (Vw / Va) 

relationships in Figures 6.43 and 6.44, respectively. 
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CHAPTER VII 

CONCLUSIONS AND RECOHKENDATIONS 

Several conclusions can be made as a result of this study. These 

conclusions are related to the performance of the equipment and the 

behavior of the unsaturated soils during undrained and drained tests. In 

addition, several recommendations are provided for future research in 

this area of study. 

7.1 Conclusions 

The following conclusions can be drawn from this study: 

1) The designed and constructed equipment can be used to observe 

the behavior of unsaturated soils during constant water content loading, 

consolidation and increasing matric suction tests under Ko-conditions. 

2) The pore-air and pore-water pressure measuring systems and 

techniques used in this experimental study performed satisfactorily. 

Separate measurements of pore-air and pore-water pressures throughout and 

at the surface of an unsaturated soil specimen can be achieved using the 

designed systems. 

3) Pore pressure parameters for an unsaturated soil decrease 

rapidly as the degree of saturation decreases from 100 percent to 90 

percent. These pore pressure parameters can be predicted in accordance 

with the theory in Chapter III using the soil structure and pore fluid 

compressibi1ities. 
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4) The change in matric suction as a result of a change in net 

normal stress under undrained or constant water content conditions 

becomes less significant as the soil becomes drier (i.e., at high matric 

suctions). 

5) Pore-air pressure dissipations occur essentially instantaneously 

when the air phase is continuous. When the air phase is occluded, the 

pore-air pressures could not be measured. 

6) The pore-water pressure changes during the consolidation or the 

increasing matric suction process occur in a time dependent manner (i.e. t 

transient process). The excess pore-water pressure dissipation during 

the consolidation process is faster than the pore-water pressure decrease 

in the increasing matric suction process. The differing rate is 
w 

primarily due to the lower m2 coefficient for the consolidation process 

than for the increasing matric suction process. The coefficient of 

permeability, kw, is practically the same for both processes. As a 
w w 

result, the coefficient of consolidation, Cv (i.e., kw / Pw g m2) is 

higher for the consolidation process (i.e., faster pore-water pressure 

dissipation) than for the increasing matric suction process. 
w 

7) The different coefficients of water volume change, m2, for the 

consolidation and the increasing matric suction processes are attributed 

to hysteresis. Therefore, it is important to know the state of stress 

with respect to the matric suction when measuring the coefficients of 

volume change for an unsaturated soil. 

8) The water flow differential equation similar to Terzaghi's 

consolidation equation can be used to describe the transient flow of 

water in an unsaturated soil when the air phase is continuous (i.e., 

s < ~ 90%). In this case, the coefficient of permeability, kw ' and the 
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w 
coefficient of water volume change, m2' used for computing the 

w 
coefficient of consolidation, cv, can be taken as a function of the soil 

matric suction, (ua - uw). 

9) The coefficient of permeability, k., and the coefficient of 
w 

water volume change, m2, for an unsaturated soil can be obtained by 

performing a Tempe pressure cell or a pressure plate test. The resulting 
w 

(V.IVa versus (ua - u.)) relationship is used to calculate the m2 

coefficient while the CSw versus (ua -uw)) relationship can be used to 

calculate the unsaturated permeability function. The outflow and the 

instantaneous profile methods can also be used to obtain the unsaturated 

permeability function. 

10) The water volume changes during the increasing matric suction 

process is considerably larger than the water volume changes during the 

consolidation process. 

7.2 Recommendations 

The following recommendations are provided in conjunction with 

future research studies using the designed Ko-cylinder: 

1) A superior temperature controlled environment in the laboratory 

is required in order to eliminate pore pressure fluctuations during 

tests. A constant temperature environment throughout the long duration 

of unsaturated soil testing is necessary for obtaining reasonable 

results. 

2) The study conducted in this research program dealt with 

initially slurried soil specimens. In the future, the study should be 

extended to testing compacted soil specimens. Compacted soil tests will 
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require higher matric suction measurements. The high air entry discs in 

the Ko-cylinder can be replaced with discs having a 'higher air entry 

value. The increase in the equilibration time at higher matric suctions 

can be compensated to some extent by using a shorter specimen. 

3) The loading cap should be further modified through the use of a 

bellafram loading cap. The bellafram will essentially eliminate side 

friction around the loading cap and also seal the air phase dl~ing

undrained loading. As a result, undrained loading studies for both the 

air and water phases can be performed and studied. 
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