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ABSTRACT

The primary objective of this dissertation is to study the coefficient of permeability

function for unsaturated soils. The research program commenced with a literature review

on the coefficient of permeability function. The permeability function for a constant

volume porous medium was categorized into empirical equations, macroscopic models

and statistical models. The influence of void ratio on the coefficient of permeability for a

saturated soil was outlined as well, followed by a discussion on the permeability function

of a deformable, unsaturated porous medium. The limitations of the available models were

briefly discussed.

On the basis of the available information, a theory which incorporated the influence

of both void ratio and degree of saturation has been developed. New models were

proposed corresponding to the empirical equations, macroscopic models and statistical

models presented in the literature review. The proposed model can be represented by a

three-dimensional surface, which is referred to as the coefficient of permeability surface.

The influence of VOlume change on the permeability function for a selected silty

soil was experimentally investigated using a specially designed triaxial permeameter

system where the stress state variables (i.e., the net normal stress, (o - ua), and the matric

suction, (ua - uw)) were independently controlled. Twelve silt specimens were consolidated

either isotropically or one-dimensionally (i.e., K, consolidation), after which measurements

of the coefficient of permeability were made at specified matric suctions. The total volume

changes during the tests fOr the isotropically consolidated specimens were continuously

monitored using three non-contacting strain indicators. The specimens were consolidated

to various void ratios under different consolidation pressures. Another twelve specimens

were placed in a pressure plate cell in order to define the soil-water characteristic behavior

for the drying process starting at different initial void ratios.
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The experimental data, along with available data for swelling soils in the literature,

were analyzed and discussed as it relates to the proposed theory. The analyses showed

that the theory can be used to describe the coefficient of permeability of an unsaturated

soil. The soil-water characteristic behavior was found to be of value in the prediction of

the permeability function for unsaturated soils.
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CHAPTER 1

INTRODUCTION

1.1 General

Most of the problems in geotechnical and geo-environmental engineering are

associated with one of three areas of soil behavior; namely, deformation, shear strength

and fluid flow. The soils found in nature may be either saturated or unsaturated.

Geotechnical engineers have considerably more knowledge and experience with the

behavior of saturated soils than with that of unsaturated soils.

Problems associated with the flow of fluid in soils, either saturated or unsaturated,

are encountered frequently in geotechnical and geo-environmental engineering practice.

Classical theory in saturated soil mechanics considers that the fluid flow in the unsaturated

zone may be neglected. According to the theory of unsaturated soil mechanics, however,

flow does occur in unsaturated soil whenever there is a hydraulic gradient

Surficial soils are of primary concern in geo-environmental engineering practice.

These soils are commonly unsaturated due to weathering effects. Contaminants, such as

hazardous chemicals, sometimes leak or spill onto the surface of the ground. The

application of herbicides or pesticides also produces a source of contamination in surficial

soils. In other cases, hazardous wastes have to be stored and the contaminants need to be

prevented from migrating into the natural environment In these situations, the

contaminant fluids will move through the unsaturated soil zone.
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A key example of a geo-environmental problem which deals with flow through

compressible, unsaturated soils can be outlined as follows. In mining operations, mine

tailings are often deposited as a slurry into an engineered tailings management area

(TMA), as shown in Fig. 1.1. Usually, the site is selected where the soil above the ground

water table has a high resistance to flow in order to slow the migration of contaminants

from the tailings to the groundwater. When the tailings are placed layer by layer, excess

pore-water and pore-air pressures are developed in the lower tailings and the foundation

soil. Fluid flows in accordance with the hydraulic gradient so that these excess pore

pressures eventually dissipate, during which time the volumes of the tailings and the

foundation soil change. The dissipation of the pore pressures and the change in total

volume are related. In addition, while the lower tailings are consolidated during deposition

ofmore recent tailings, the uppermost tailings will also be influenced by the climatic fluxes

(i.e., evaporation and precipitation) at the surface.

Two design considerations in the management ofmine tailings include a prediction

of flow through unsaturated soil. First, net flux through unsaturated soil needs to be

controlled. This is extremely important in preventing the contaminant from migrating into

groundwater. Second, whenever a cover is placed, the infiltration into the cover should be

properly predicted. The cover is usually unsaturated due to the changing climatic fluxes.

Another example in geotechnical engineering is the use of compacted soils as

construction materials. Being compacted at a specified water content and under certain

compaction energy, compacted soils are usually unsaturated. Knowledge of the flow

regime in such an earth construction is required for a stability analysis. The flow in this

case is through deformable, unsaturated soil. One of the examples associated with the flow

in compacted soils can be described as follows. The construction of an earth-filled dam is

illustrated in Fig. 1.2. The pore-water and pore-air pressures generated by placement of

the compacted fill can be estimated using the consolidation theory for unsaturated soils

(Fredlund, 1982). The difference between the pore-air and pore-water pressures is

2
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referred to as matric suction. The matric suction distribution in a dam during construction

is also presented in Fig. 1.2.

When the dam is constructed, the situation in the lower layers of the compacted fill

and the underlying foundation is similar to that in the tailings and the foundation soils in

the previous example. That is, the dissipation of excess pore pressures and consolidation

in both the compacted fill and the foundation soil occur simultaneously. As the reservoir is

filled after construction, water will flow through the dam in both the saturated and

unsaturated zones. Once the reservoir is filled, a steady-state condition is achieved.

Infiltration on the surface of the dam may be a key factor which influences the stability of

the dam. In this case, rain water will flow through the unsaturated zone above the phreatic

line (Fredlund and Rahardjo, 1993b).

Knowledge of the flow regime in both the compacted fill and the foundation soils

is required for a stability analysis. In addition, the total volumes of the compacted fill and

the foundation soils are changing due to the placement of upper layers. Therefore, the

prediction of flow through deformable, unsaturated soils is necessary.

In general, the modelling of the fluid flow in deformable, unsaturated soils needs a

complete understanding of the coefficient of permeability of the permeable material under

consideration.

1.2 Study of the Coefficient of Permeability Function in Deformable Porous Media

The coefficient of permeability of a deformable, unsaturated soil should be a

function of void ratio, which is a measure of void space in a soil, and the degree of

saturation, which is the decimal fraction ratio of the water-filled space to the entire void

space.

In geotechnical engineering, studies have been made on the coefficient of

permeability of saturated soils as a function of void ratio, however, little attention has been
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given to the investigation of the coefficient of permeability of an unsaturated soil. In

addition, little effort has been given to the influence of void ratio on the permeability

function of an unsaturated soil. The reason for this is that the flow occurring in the

unsaturated zone is usually neglected in a conventional seepage analyses (i.e., unconfined

flow analyses).

Soil scientists have extensively studied the coefficient of permeability for both

saturated and unsaturated soils. However, it has been commonly assumed that these soils

have a constant volume so that the coefficient of permeability is considered to be only a

function of degree of saturation. This is not an appropriate assumption from a

geotechnical engineering point of view.

The examples presented above show that the fluid flow in the unsaturated zone

involves changes in both the total volume and the degree of saturation. In order to

properly conduct saturated/unsaturated modelling, the coefficient of permeability function

of an unsaturated soil should incorporate both the effect of the total volume change and

the influence of the degree of saturation. Therefore, a better understanding of the

coefficient of permeability function of a deformable, unsaturated soil is required in order

that geotechnical engineers can deal with these kinds of problems in practice.

1.3 Objective and Scope of the Study

The primary purpose of this research program is to investigate the coefficient of

penneability function of a deformable, unsaturated soil. The objectives of this study are as

follows:

(1) to derive a theoretical description for the coefficient of permeability function of

a deformable, unsaturated soil in which the effect of the volume change is incorporated,

(2) to develop appropriate equipment for measuring the coefficient of permeability
of an unsaturated soil, and

_.__-·�--�---�'\ 5

�.



4.

(3) to measure the coefficient of permeability of a silty soil for various

combinations of stress state variables at which the soil is at different void ratios and water

contents.

The experimental results will be used to support the derived relationship for the

coefficient of permeability function of an unsaturated soil.

Based on the available theory, new models will be derived to describe the

coefficient of permeability of a deformable, unsaturated soil. A triaxial permeameter

system will be developed to measure the coefficient of permeability of a silty soil at

various initial void ratios and different matric suctions. The experimental data, along with

some available data for swelling soils, will be analyzed in order to support the new models.

. The scope of this study is limited to the effect of total volume changes on the

coefficient of permeability for a deformable, unsaturated soil. Because of experimental

difficulties, the influence of total volume changes due to changes in matric suction on the

coefficient of permeability of a swelling soil is not experimentally investigated although

some existing data for swelling soils are analyzed. Other factors, such as the structure of

the soil, hysteresis in the soil-water characteristic behavior of the soil, and the chemical

concentration of the pore-fluid, etc., are not within the scope of this research.

1.4 Tbesis Organization

There are seven chapters in this thesis. This first chapter briefly introduces the

problems associated with the coefficient of permeability for deformable, unsaturated soils.

The scope and objectives of the thesis and the relevant research program are also briefly

outlined.

The second chapter provides a summary of the investigations which have been

undertaken on the coefficient of permeability function for both saturated and unsaturated

soils. 'file existing coefficient of permeability functions are categorized and critiqued. The

6
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program.

The fourth chapter outlines the details of the experimental program. The selection

of an appropriate soil for testing is presented. The design and establislunent for the

equipment which can be used directly and indirectly to measure the coefficient of

permeability in an unsaturated soil are described. The relevant procedures for conducting

the experiments are also outlined.

The results obtained from the experimental program are presented in the fifth

chapter. Both results of the permeability measurements and the results of volutnetric water

content measurements are presented. The detailed results are documented in appendices.
The sixth chapter analyzes the data presented in the fifth chapter. The experimental

results are interpreted using the theory developed in the third chapter. TyPical results for

swelling soils published in the literature are also analyzed. The analyses prOVide direct and

indirect support to the theory developed in the third chapter.

The seventh chapter summarizes the new developments for the coefficient of

permeability function for deformable soils. The recommendations for further study in this

area are also provided.

pertinent literature is used to established the objectives for the theoretical developments

and experimental program for this research.

The theoretical developments are presented in the third chapter. The influence of

the total volume change is incorporated into the coefficient of permeability function in a

macroscopic and a statistical, as well as a microscopic, manner. New models for the

coefficient of permeability in deformable, unsaturated porous media are derived. The

developed theory is later used to interpret the results obtained from the experimental

,._" .
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Considerable research has been conducted to investigate the coefficient of

permeability of unsaturated soils. The research has been both theoretical and experimental.

In soil science, the coefficient of permeability as a function of degree of saturation (and

volumetric water content) has been intensively investigated. Unfortunately, few soil

scientists have taken into account the influence of volume change. In other words, the soil

is usually assumed to remain at a constant-volume as the degree of saturation changes;

consequently, the coefficient of permeability is strictly a function of the degree of

saturation. However, since soils are deformable porous media from an engineering point of

view, the volume of the soil can change due to a change in either the net normal stress or

the matric suction, or both. Few theories developed to-date have dealt with the coefficient

of permeability in a deformable, unsaturated porous medium such as soils.

The relationship between the coefficient of permeability for saturated soils and the

void ratio has been investigated in geotechnical engineering and consequently the influence

of volume change on the saturated coefficient of permeability is well known. Few

geotechnical engineers have paid attention to the determination of the coefficient of

permeability in an unsaturated soil. In a conventional seepage analysis (i.e., unconfmed flow

analysis), the flow through the unsaturated zone is often neglected.
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In the laboratory, methods have been developed (e.g., the steady-state method) to

measure the coefficient of permeability for a fixed total volume of an unsaturated soil (i.e.,

at a particular net normal stress and matric suction). However, most of the methods (e.g.,

the instantaneous profile method) measure the coefficient of permeability without

considering the total volume change of the soil. The coefficient of permeability function

obtained from these methods may not be reliable when the soil deforms significantly during

the test.

It is not realistic to list all of the investigations which have been undertaken.

Therefore, only research which developed a unique function for the coefficient of

permeability will be reviewed. In this chapter, the research which deals with the coefficient

of permeability of an unsaturated soil as a function of degree of saturation, volumetric

water content or matric suction is discussed first, The research on the coefficient of

permeability of saturated soil as a function of void ratio is then presented. Finally, research

relating the coefficient of permeability of an unsaturated soil to its degree of saturation and

void ratio is outlined.

2.2 Coefficient ofPermeability Functions for Constant-volume PorousMedia

Four types of functions for the coefficient of permeability of unsaturated soils have

been suggested in the literature. Each type will be discussed separately in the following

sections.

2.2.1 Coefficient of Permeability as a Function ofMatric Suction

A number of equations were proposed to relate the coefficient of permeability to

the suction in an unsaturated soil. The equations are commonly given in terms of total

suction. The total suction of a soil consists of two components, namely, matric suction and

9
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Linear Relationship Between Coefficient ofPermeability and Matric Suction

osmotic suction. Evidence has been presented to indicate that a change in the total suction

is essentially equivalent to a change in the matric suction in an unsaturated soil (Krahn and

Fredlund, 1972). As a result, for most geotechnical problems involving unsaturated soils,

matric suction changes can be substituted for total suction changes, and vice versa

(Fredlund and Rahardjo, 1993a). Therefore, all of the coefficient of permeability functions

expressed in terms of total suction can also be written in terms of matric suction for

convenience. Equations which express the coefficient of permeability as a function of

matric suction can be categorized into the following four groups.

Richards (1931) proposed the first permeability function in terms of matric suction

based upon experimental data for three soils, namely, a sandy soil A, a Greenville clay loam

soil B and a Preston ceramic clay C. A steady-state-type permeability test was performed to

measure the coefficient of permeability in a soil specimen. The experimental data are shown

in Fig. 2.1(a). An empirical linear relationship was suggested to fit the data of Soil B as

follows:

(2.1)

where: kw = coefficient of permeability with respect to the water phase

aI' b, = experimental parameters

(Ua - Uw) = matric suction.

By plotting the data presented in Fig. 2.1(a) on a log-log scale, we can obtain Fig.

2.1(b). Fig. 2.1(b) indicates that a power function is better than a linear function for the

data of Soils A and C. It would be concluded that the linear relationship is not a good
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function to describe the permeability characteristics in terms of matric suction. However, a

linear relationship may be used to simplify the derivation in some cases, such as the

derivation of Richards' flow equation (Richards, 1931).
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Figure 2.1 Coefficient of permeability versus matric suction on (a) a semi-logarithmic
scale, and (b) a logarithmic scale (data from Richards, 1931).
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(2.2)

Coefficient ofPermeability as Power Function ofMatric Suction

The following power function was first proposed by Wind (1955) to describe the

coefficient of permeability as a function ofmatric suction:

where: tlz = empirical constant

b2 = empirical index.

A value of 2.5 was specified as the index, b2• The experimental data presented by

Richards (1931), which are shown in Fig. 2.1(b), can also be used to support this form of

power function.

Weeks and Richards (1967) developed a method to calculate the coefficient of

permeability of an unsaturated soil using the data from a transient-type test. Both the

volumetric water content and matric suction profiles along a horizontal soil column were

measured. These profiles were then analyzed to calculate the coefficient of permeability of

the soil. The experimental data are presented in Fig. 2.2. Based upon this result, a

permeability function similar to that of Eq. (2.2) was recommended.

Brooks and Corey (1964) postulated another equation to express the coefficient of

permeability in terms ofmatric suction:

(2.3a)

(2.3b)
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where: k, = saturated coefficient of permeability

11 = pore size distribution coefficient
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Figure 2.2 Calculated coefficient of permeability versus matric suction for three loca

tions of a transient flow column (data fromWeeks and Richards, 1967).

Equation (2.3) is widely used and appears to be the best presentation of the

function due to three reasons: (i) the parameter,�,in Eq. (2.2) is specified as the saturated

coefficient of permeability of a soil, (ii) the index, b2, in Eq. (2.2) is considered to be

related to a soil property (i.e., the pore size distribution coefficient, 11), and (iii) the power

function is applicable to values of the matric suction greater than the air entry pressure of

the soil.

Ahuja et al. (1980) developed an approach to determine the coefficient of

permeability in situ. The approach was tested on four soils in Hawaii and one soil in

California and gave encouraging results. One typical set of the results is presented in Fig.

13
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(2.4a)

(2.4b)

2.3. In order to fit these data, the power function, Eq. (2.2), was applied to two sub-ranges

as follows:

for 0 < (ua - uw) � (ua - uw)l

for (ua - uw) � (ua - uw)l

where: �, a4 = experimental parameters

(Ua - uw)l = a particular matric suction similar to an air entry pressure.

Although the term, (ua - uw)l' was not specified, it should be similar to the air entry

pressure of a soil.
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Figure 2.3 Coefficient of permeability as a function ofmatric suction for

Lahaina soil, 30-cm depth (re-plotted from Ahuja et al., 1980).
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In 1988, Ahuja et al. proposed another method to compute the coefficient of

permeability in an unsaturated soil from the matric suction profiles obtained in situ.

Equation (2.4) was applied in this method. However, the first sub-range in Eq. (2.4a) was

modified from 0 < (ua - uw) :s; (ua - uw)l to 1:S; (ua - uw) :s; (ua - uw)l'

Gardner-type Coefficient of Permeability Function

In an attempt to quantify the relationship between the coefficient of permeability
and matric suction, Gardner and Fireman (1958) analyzed the data presented by Moore

(1939) for Yolo light clay, as well as data they had obtained for Pachappa fine sandy loam

and Chino clay. Both sets of data are presented in Fig. 2.4. Based upon these experimental
data, a new type of relationship was suggested:

(2.5)

where: as, bs = experimental parameters

nl = empirical index

p; = density of the wetting fluid, usually water

g = gravitational acceleration.

In Eq. (2.5), the parameters, as and bs, are interdependent. Therefore, there are

essentially two independent coefficients in Eq. (2.5). However, these two independent

coefficients ensure a flexible fitting to the experimental data in most cases. The index, nl'

was initially considered to be an integer of 2 or 3, but it has since been shown to be a more

variable index (Gardner, 1958).
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Figure 2.4 Coefficient of permeability of Yolo light clay, Pachappa fine sandy loam and

Chino clay as a function ofmatric suction (re-plotted from Gardner and

Fireman, 1958).

Barden (1965) postulated the following empirical relationship for relating the

coefficient of permeability to the negative pore-water pressure in connection with his

derivation of the equations for the consolidation of an unsaturated soil:

(2.6)

where: kwJ = coefficient of permeability at final stage of consolidation

Uw = absolute value of negative pore-water pressure
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b6 = experimental constant

"2 = empirical index.

In the case that both the water phase and the air phase are continuous, the negative

pore-water pressure is numerically equal to the matric suction if the pore-air pressure is

assumed to be constant and equal to the atmospheric pressure. In addition, if the coefficient

of permeability at the final stage of consolidation is considered to be the saturated

coefficient of permeability, Eq. (2.6) is essentially similar to that ofEq. (2.5).

Arbhabhirama and Kridakom (1968) investigated the coefficient of permeability

characteristics using a steady-state-type test. In the experiment, the water table in a soil

column was maintained constant and a steady-state downward flow was applied. The

measured coefficient of permeability data for three soils, namely, Chantaburi Lateritie No.

2, Hat Chau Sam Ran sand No.1 and Hua Bin sand, are presented in Fig. 2.5. The

following empirical relationship was proposed based upon the experimental data:

(2.7)

where: "J = experimental index.

This relationship modifies Gardner's equation, Eq. (2.5), in two ways: (i) the

interdependent parameters, as and bs' in Eq. (2.5) were specified in terms of saturated

coefficient of permeability, ks' and (ii) the parameter, bs' in Eq. (2.5) was defined as [l/(ua-

uw)b]' The second modification produces a coefficient of permeability of O.5ks at the air

entry pressure and subsequently reduces the flexibility ofEq. (2.5).
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Coefficient ofPermeability as an Exponential Function ofMatric Suction

Christensen (1943) designed a radial-flow unit to measure the coefficient of

permeability of an unsaturated soil. The measurements of permeability were performed on

disturbed and undisturbed samples of three soils: Marshall silt loam, Shelby silt loam and

Dickinson fine sand. The experimental results are shown in Fig. 2.6. An empirical

relationship was suggested to fit the experimental data:

where:

(2.8)

rd·

a." b7 = experimental parameters.
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versus matric suction as follows:

where: as, bs = empirical constants.

Equation (2.8) is an equivalent mathematical equation to that of Eq. (2.9).

(2.9)



(2.10)

Philip (1986) studied the unsteady multi-dimensional infiltration process. The

following modified form of exponential function was assumed to be applicable in the study:

where: � = experimental parameter.

The modified version of the exponential function, Eq. (2.10), defines one of the

parameters in Eq. (2.9) in terms of the saturated coefficient of permeability, ks' In addition,

the equation is effective only when the manic suction is higher than the air entry pressure

of a soil. Mathematically, Eq. (2.10) is an application ofEq. (2.9) to a matric suction higher

than the air entry pressure. Therefore, the modified version, Eq. (2.10), is the same-type as

that ofEq. (2.9), however, the accuracy would be improved by using Eq. (2.10).

2.2.2 Coetticient of Permeability as a Function of VolumetricWater Content

In soil science, volumetric water Content is considered to be a measure of the

volume of the water that a unit volume of soil is storing. The contribution of the stored

water to the path which accommodates flow of water through the soil determines the

magnitude of the coefficient of permeability. Therefore, it seems reasonable to relate the

coefficient of penlleability to the volumetric water content in a soil. Attempts have also

been made to express the coefficient of Permeability in terms of the volumetric water

content in an unsaturated soil and numerous empirical equations have been recommended.

The equations can essentially
be divided into two types.
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Coefficient ofPenneability as a Power Function ofVolumetricWater Content

Gardner (1956) proposed a procedure to calculate the coefficient of permeability
from pressure plate outflow data. This procedure is considered to be one of the simplest
methods which can be used to obtained the coefficient of permeability in an unsaturated

soil. The procedure is similar to that for computing the coefficient of permeability from

consolidation data, which is familiar to geotechnical engineers. The approach was first used

to determine the coeffiCients of permeability for three soils, namely, Pachappa sandy loam,

Superstition sand and Chino silty clay loam. The calculated coefficient of permeability and

the volumetric water Content data are plotted on a log-log scale in Fig. 2.7. Based upon

these data, an empirical relationship between the coefficient of permeability and volumetric

water content for an unsaturated soil was suggested as follows:

log kw = log a10 + b10 loge (2.11)

where: e � volumetric water content

a10 � experimental parameter
b10 � empirical index.

A new methoq was developed by Campbell (1974) to directly compute the

coefficient of permeability from the soil-water characteristic curve of a soil, with a single
measurement of the coefficient of permeability at a particular volumetric water content. By
analyzing the compute(! coefficient of permeability data, and based on a statistical model,
an empirical relationship which expresses the coefficient of permeability as a power
function of the volumetric water Content in an unsaturated soil was recommended:
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(a )2bll+3k =k -

w s

a
s

where: as = saturated volumetric water content

(2.12)

bll = experimental index, defined as Alog(ua-u)/Alog9.

2.8.

An example of this calculation for Botany sand and Guelph loam is presented in Fig.
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Figure 2.7 Coefficient of permeability of three soils as a function of volumetric

water content (re-plotted from Gardner, 1956).
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Equations (2.11) and (2.12) are mathematically equivalent However, the

parameters, alO and blO, in the former are defined in terms of the saturated coefficient of

permeability, ks' and the slope of the soil-water characteristic curve, [�log(ua-uw>/�loge],
on a log-log scale. Therefore, the latter equation is amodified version of the fonner.

Ahuja (1973) studied infiltration into crusted soils. The data presented by Moore

(1939) for Yolo light clay, which was analyzed by Gardner and Fireman (1958), was re

analyzed in order to determine the coefficient of permeability function and the mathematical

expression for the soil-water characteristic curve. Both the coefficient of permeability

function and the soil-water characteristic curve were found to follow the power law. The

coefficient of permeability was then described in terms of the volumetric water content:

(2.13)
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where: all = experimental parameter

n4 = empirical index.

The coefficient, all' and the index, n4, were found to be 2.549 x 10-3 mls and 8.657

for Yolo light clay, respectively. The comparison of the proposed equation to the

experimental data is presented in Fig. 2.9. Another investigation conducted by Ahuja

(1974) also supports Eq. (2.13).
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Figure 2.9 Coefficient of permeability presented as a function of volumetric water content

for Yolo light clay (re-plotted from Ahuja, 1973; data from Moore, 1939).

Other investigators also suggested or applied the power function. Gillham et al.

(1976) recommended the same empirical relationship based on the experimental results

shown in Fig. 2.10. The results were obtained from an instantaneous profile-type test with

the assistance of a gamma ray attenuation technique. Hillel (1982) calculated the coefficient

of permeability from mercury intrusion data for a soil. The calculated results suggested a

power function for deScribing the permeability behavior in terms of the volumetric water

�"--)
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content of a soil. Zachmann et al. (1981) applied the power function to a parameter

identification method and presented encouraging results. The index, n4, in Eq. (2.13) was

found to be 3.0 for the tested soil samples.
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Figure 2.10 Coefficient of permeability as a power function of volumetric

water content (re-plotted from Gillham et al., 1976).

In general, the power function used by all these investigators can be written in the

following form:

kw=k·(:.r (2.14)

where: ns = empirical index.
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(2.15)

Coefficient of Permeability as an Exponential Function of VolumetricWater

Content

The coefficient of permeability and the volumetric water content of three soil

profiles in situ were measured by Davidson et al. (1969). Based on the experimental results

and the data presented by Davidson et al. (1963), an exponential function was adopted as

the permeability function:

where: bt2 = experimental index.

The influence of salt on the coefficient of permeability of a swelling soil was

investigated by Dane and Klute (1977). The coefficient of permeability was measured in a

steady-state flow cell. Solutions with different concentrations of a NaCI-CaCI2 mixture

were used as the permeant instead ofwater. The coefficient of permeability at each solution

concentration was plotted against the corresponding volumetric water (i.e., salt solution)

content, respectively, as shown in Fig. 2.11. The following formula was selected to

describe the coefficient of permeability behavior in terms of the volumetric water content:

(2.16)

where: at3' b13 = experimental coefficients.
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Figure 2.11 Coefficient of permeability versus volumetric water content for a soil

sample subjected to a series of solutions of decreasing concentration
at SAR = 40 (from Dane and Klute, 1977).

Eq. (2.15) is substantially of the same type as Eq. (2.16). However, the latter

contains two experimental coefficients while the former has only one. Equation (2.15),

therefore, would be the better form of the two exponential functions.

2.2.3 Coefficient of Permeability as a Function of the Effective Degree of

Saturation (Mualem, 1986)

The coefficient of permeability is significantly affected also by the degree of

saturation in an unsaturated soil. By definition, the degree of saturation of a porous

medium is proportional to the volumetric water content when the structure of the medium

is incompressible. Therefore, it appears natural to relate the coefficient of permeability to

the degree of saturation in an unsaturated soil. Attempts have also been made in this

direction and numerous equations, based on what is called the "macroscopic model" in soil

_$_d�· �··�
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(2.17a)

science, were suggested and tested by experimental data. It seems that all of the

macroscopic models have a classical hydrodynamics background

The macroscopic model is commonly given in terms of the effective degree of

saturation. The effective degree of saturation is defined as follows:

s-s
r

where: Se
= effective degree of saturation

S = degree of saturation

S, = residual degree of saturation, depending on

the volume of "immobile" water.

Or it can be defined for a non-deformable porous medium as:

(2.17b)

where: a, = residual volumetric water content, corresponding

to the volume of "immobile" water.

The variable, effective degree of saturation, has its basis in the assumption that

there exists an "immobile" water phase in an unsaturated soil. It is usually assumed that a

thin layer of water attached to the soil particles has no contribution to the flow through the

soil. The percentage of the "immobile" water to the total void space is called the residual

degree of saturation. It is practically defined as the degree of saturation at which an

increase in matric suction does not produce a significant change in the degree of saturation
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(Fredlund and Rahardjo, 1993a). Accounting for this factor, it would appear preferable to

describe the coefficient of permeability in terms of the effective degree of saturation instead

of the degree of saturation, which is determined by all of the water in a soil.

Averjanov (1950) investigated the theoretical dependence of the coefficient of

permeability upon the effective degree of saturation in an unsaturated soil. As illustrated in

Fig. 2.12, the water flow in an unsaturated soil is simulated by a cylindrical pipe which has

the central part occupied by air. It was also assumed that there is a thin film of "bound

water", which attached to the solid pipe wall and which is not involved to the flow.

Therefore, the actual boundaries for water flow are the interfaces of the free water with the

"bound water" layer and the central volume of air. The percentage of this "bound water" to

the whole pipe area is equivalent to the residual water content mentioned previously. With

an assumption that the velocity is zero at this interface and the largest at the water-air

interface, the velocity distribution can be determined by the knowledge of hydrodynamics.

By integration over the water-filled area, the flow rate in the pipe can be determined as:

(2.18)

where: q = flow rate in the pipe

J.1 = dynamic viscosity of the fluid

IIp = hydraulic head difference which causes the water to flow

� = length of the pipe

R 1
= radius of the water-air interface

Ro = radius of the bound water-effective flow water interface.
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Figure 2.12 The model which Averjanov analogized for unsaturated
flow in porous media (modified from DeWiest, 1962).

In this problem, the ratio of radii, (R tiRo)' can be expressed in terms of the effective

degree of saturation. That is,

�=p-s =�l-S.
R, I-S,

(2.19)

From Eqs. (2.18) and (2.19), the relative permeability, which is referred to as the

ratio of the flow rate at the unsaturated pipe to that at the saturated pipe, can be given as:

(2.20)

where: k, = kwlks' is called the relative (coefficient of) permeability.
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For simplification, Eq. (2.20) was approximated as the following equation and a 0

value of 3.5 was accordingly suggested:

(2.21)

where: o = an empirical index.

Solving the same problem, Yuster (1951) obtained a relationship similar to that of

Eq. (2.21). The index, 0, however, was specified as 2.

Irmay (1954) modified Kozeny's (1927) equation in two ways: (i) by replacing the

porosity (or saturated volumetric water content) in Kozeny's equation by the effective

degree of saturation, and (ii) by determining the constants in Kozeny's equation by

matching the saturated coefficient of permeability at saturation. An equation similar to Eq.

(2.21) was produced with a 0 value of 3. Irmay (1971) used the data of Topp and Miller

(1966) to support the modification.

Corey (1954) investigated both the relative permeabilities with respect to water and

air phases in porous media based on the theory developed by Burdine (1953) and Wyllie

and Spangler (1952). It was found that, for a large number of consolidated porous rocks,

the ratio of integrals in Burdine's (1953) equation and the Wyllie-Spangler (1952) equation

was approximately equal to the square of the effective degree of saturation. Equation

(2.21) was then obtained, however, the index, 0, was defined as 4.

Three years later, Corey (1957) developed a steady-state flow cell for measuring

both coefficients of permeability with respect to water and air phases in a soil specimen.

Two samples of a relatively undisturbed sandy soil were tested. The measurement was

perfot1Jled by applying pressure gradients in both water and air phases with the same

gradient but in opposite directions so that the matric suction in the soil sample remained

uniforrn during the measurement. The experimental data are presented in Fig. 2.13. The
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result supports the above postulated relationship. In addition, for the first time, the residual

degree of saturation was defined to be the degree of saturation at which the extrapolated

relative permeability of air is 100%. As shown in Fig. 2.13, the residual degree of

saturation in the sandy soil is about 40%.

o
-

100

• Water, surface

c Water, subsurface

- - - Water, best-fit

<> Air, surface

.a. Air, subsurface

--- Air, best..fit

o

o 40 80 1006020

Degree of saturation, S (%)

Figure 2.13 Relative coefficients of permeability with respect to water and
air phases versus degree of saturation (from Corey, 1957).

In a paper entitled "Hydraulic Properties of Porous Media", Brooks and Corey

(1964) analytically related both relative permeabilities with respect to water and air to the

effective degree of saturation and matric suction based on Burdine's (1953) equation and

the following proposed function of the soil-water characteristic curve. The comparison of

the proposed function with the experimental data of several soils is presented in Fig. 2.14.
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•

where: A. = pore size distribution index, A logSe IA log (ua - uw)'

1

Touchet silt loam, best.fit

\

,

• Volcanic sand,
measurement

10-1

Volcanic sand, best.fit

• Glass beads,
measurement10-2

\

(2.22a)

(2.22a)
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- - - Glass beads, best.fit

Fine sand, measurement \

Fine sand, besHit10-3
• Touchet silt loam,

measurement

10-4

0.1 10 1001

Matric suction, (ua - uw) (kPa)

Figure 2.14 Comparison ofmeasurement and theoretical curves for the effective degree of

saturation versus matric suction relationship (from Brooks and Corey, 1964).

By substituting Eq. (2.22) into Burdine's equation, a new form of macroscopic

model can be obtained as follows:

-,
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A large number of permeability measurements were conducted using a steady-state

type test in order to investigate the permeability behavior in various unsaturated porous

media In all of the measurements, a hydrocarbon liquid was used instead of water to

produce a more stable soil structure and consistent fluid properties. The experimental

results strongly support the above postulated relationship. The comparison of the

theoretical curves to some typical experimental data is shown in Fig. 2.15.

o
-

1.0

• Air, /
measurement

Air, best-fit f
& Water,

measurement

- - - Water, best-fit

o

o 0.80.4 0.6 1.00.2

Degree of saturation, S

Figure 2.15 Comparison ofmeasurement and theoretical curves for relative coefficient
ofpermeability with respect to water and air phases versus effective

degree of saturation relationship (from Brooks and Corey, 1964).

Equation (2.23) is the first macroscopic model that relates the index, 0, to the pore

size distribution index, A, of a soil. In the equations described previously, the index, 0, was

considered to be a constant regardless of the soil property. This appears to be the reason

that Eq. (2.23) has been widely used instead of other equations in the later investigations.
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k =(S-St)Sr

1-St
(2.24)

Singh (1965) experimentally investigated the relationship between the coefficient of

permeability and the degree of saturation in clay soils. An empirical equation was

suggested:

where: Sf = threshold degree of saturation.

The definition of the threshold degree of saturation is similar to that of the residual

degree of saturation. Therefore, Singh's (1965) equation is essentially the same type as that

of Averjanov. Chang and Duncan (1983) re-analyzed the experimental data of the

compacted clay presented by Mitchell et aI. (1965) and concluded that the threshold degree

of saturation varies depending on the structure of a clay soil. The re-analyzed data are

presented in Fig. 2.16. The value of Sf varies from 0.0 to 0.6 in accordance with different

soil structures of the clay under consideration.

Mitchell et al. (1965) derived a theoretical relationship to describe water flow

through an unsaturated soil based on Kozeny's (1927) equation. The following equation

was eventually determined:

k = C (Pwg)(_l_)(L)S3w S

Jl A; 1+e
(2.25)

where: C, = shape coefficient

As = specific surface area per unit volume of particles

e = void ratio.

_rJ ·_J
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Figure 2.16 Variations of relative permeability with degree of saturation for compacted
silty clay (from Chang and Duncan, 1983; data fromMitchell et al., 1965).

Replacing the degree of saturation in Eq. (2.25) by the effective degree of

saturation and matching the saturated coefficient of permeability which Eq. (2.21) yields

results in a value of B equal to 3.

Mualem (1978) investigated the hydraulic radius in the Hagen-Poiseuille equation

and the solid surface area in Kozeny's (1927) equation theoretically accounting for both the

effective and residual (or "immobile") parts of the water in a soil-water system. A new

form ofmacroscopic model was produced as:

k = S3-2"6
r e

where: n6 = index depending on soil-water property.

(2.26)

�•.��J�
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0= 3.0+0.015W (2.27)

If the term, (3 - 2n6), is replaced by a constant, 0, Eq. (2.26) then becomes Eq.

(2.21). The experimental data of 50 soils were analyzed and the value of n6 was found to be

positive for a granular soil to negative for a fine-textured soil. An attempt was made to

relate the index, n6' to the energy per unit volume which is required to drain a soil from the

saturated state to the wilting point (i.e., approximately 1,500 kPa of matric suction). The

data from the 50 soils are shown in Fig. 2.17. The following empirical formula was

suggested based on the data:

where:

(2.28)

is the energy per unit volume of soil required to drain the saturated soil to the wilting point

Figure 2.17 Optimal values of the index, 0, computed by a best-fitting procedure to experi
mental data, and the function 8 = 3.0 + 0.015W (from Mualem, 1978).
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2.2.4 Statistical Models for Constant-volume Porous Media

It is well known that the soil-water characteristic curve depends on the soil type.

However, different initial void ratio and soil structure of a soil also produce differing soil

water characteristic curves. Consequently, the energy, W, changes not only with the soil

type but also with the initial void ratio and soil structure. As a result, the index, 0, is

subsequently affected by the void ratio and soil structure.

Mualem (1986) has thoroughly outlined and summarized the statistical models

which can be used to calculate the coefficient of permeability from the soil-water

characteristic curve of an unsaturated soil. The highlights of Mualem's (1986) work are

presented in this section.

Statistical models are obtained based on the following three common assumptions:

1. The flow system in a porous medium is simulated as a set of interconnected,

randomly distributed pores. The pores have different sizes and are characterized by the

"pore radius", r, and are described in statistical terms as a frequency distribution.j'(r). The

relative volume of pores from radius r to (r+dr) is fCr)dr. The areal pore radius distribution

equalsf(r) and is the same for any cross section in the medium.

2. The Hagen-Poiseuille equation is valid at the level of a singular pore. The total

coefficient of penneability can be determinedby integration over the contributions of the

water-filled pores.

3. The soil-water characteristic curve is considered to represent the pore size

distribution function using the capillary law as follows:

r== C2.29)
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d6(r) = f (r)dr (2.30)

where: r = radius of the capillary pore

T, = surface tension of the wetting liquid
6c = contact angle between liquid and particles,

is usually taken as 1800 in soil-water system.

By definition,

Therefore,

6(R) = t" f (r)drJR_ (2.31)

Gates and Lietz (1950), following Purcell (1949), considered a bundle of parallel

capillaries having a pore size distribution ofj(r). By an additional assumption that the pores
with radius larger than [-2Tscos6/(ua-uw)] are totally empty and the smaller pores are totally
filled with water, the total flow rate can be arrived as:

Q(6) = -
Pwg Ml JR(9)r2j(r)dr8Jl AZ Ra.

(2.32)

or

(2.33)

Referring to Darcy's law, (i.e., Q equals kwMl/Al) , and matching the saturated

coefficient ofpenneability at saturation, the relative permeability can be written as:

(2.34)
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k (9) - S2 re d9 Ire. d9
r

-

e Jo ( _ )2 Jo ( _ )2Ua Uw Ua Uw
(2.36)

Fatt and Dykstra (1951) assumed that the tortuosity of the flow channels in a soil is

a power function of pore radius, r4. Equation (2.37) then becomes:

(2.35)

where: ex. = index varies with soil type.

Burdine (1953) proposed the square of the effective degree of saturation as the

tortuosity based on some experimental data and proposed the following equation:

Childs and Collis-George (1950) investigated the influence of the random

distribution of the pores on the coefficient of permeability. Two parallel faces normal to the

flow direction were considered. The pore channels were divided into a number of sections

and randomly rejoined to the faces under consideration. Then, they postulated, the

probability that the pores of radius (r) in one face were connected to the pores of radius (p)

in the other is:

a,,-+p = f (r)f (p)drdp (2.37)

In order to simplify the derivation, two assumptions were made: (i) all the effective

resistance to flow in the pore sequence is confined to the smaller pores, and (ii) the only

contribution to permeability is by a direct pore sequence so that the possibility of by-
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dkw = p2M f(r)f(p)drdp (2.38)

passing sequences of pores are ignored. Using the Hagen-Poiseuille equation and referring
to Darcy's law, the contribution of ar-+p to the coefficient of permeability is given as:

where: M = constant accounting for geometry and fluid properties

p = smaller radius.

The integration of Eq. (2.38) over the filled pores leads to the following equation:

kw(9) = MJ:::�> r:pR(9) p2f(p)f(r)drdp
+MI;::::'> r::;;,2f (r)f(p)dpdr

(2.39)

The analytical solution for Eq. (2.39) is not readily obtained in many cases. Childs

and Collis-George (1950) suggested a summation form to estimate the above integral. In

the recommended procedure, the 9(r) curve is determined from the soil-water characteristic

curve using the capillary law. The curve is then divided into constant r intervals. The

summation is finally calculated. However, the calculations are tedious.

Marshall (1958) calculated the above integral in a different way. Equal water

content intervals were selected and the factor, M, was specified as (1/8p�). Then, the

computation was simplified as:

(2.40)
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where: kw(9) = coefficient of permeability at 9

n = porosity

m = 9s /11.9, total number of intervals

I = 9/6.9, number of intervals corresponding to 9

(ua - uw)i = rnatric suction corresponding to the middle point

of the z"lh interval.

Marshall (1958) applied Eq. (2.40) mainly to the computation of the saturated

coefficient ofpermeability of a soil. However, Kunze et al. (1968) modified the method and

applied it to the unsaturated coefficient of permeability computation by replacing the term,

(nlm), with the water content interval, �9, which is equal to (9/I). This modification implies

that the unsaturated soil can be regarded as a saturated soil with an effective porosity of 9.

Nielsen et al. (1960) found that the calculation is significantly improved when the

computed coefficient of permeability is matched to the measured value at saturation. This

means that the relative pertneability can be expressed as:

(2.41)

Kunze et al. (1968) analyzed the influence of the interval number, m, on the

accuracy of the permeability computation based on Eq. (2.40) and concluded that the

computed coefficient of permeability is practically independent of m when it is more than

32.

Mualem (1974 1976) derived the analytical solution for Eq. (2.39) and obtained the
,

follOwing result:
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(2.42)

where: t} = dummy variable of integration representing the volumetric

water content as a function of matric suction.

This analytical solution makes it possible to derive a closed-form solution of relative

permeability when the soil-water characteristic curve is given as a mathematical function of

matric suction.

Other investigators tested this model from both analytical and experimental stand

points. Based on Childs and Collis-George's (1950) model, Millington and Quirk (1961)

suggested a correction factor of Se� to account for the correlation between the pores of

adjacent cross-section and a � value of 4/3 was specified. However, Kunze et al. (1968)

and Jackson (1972) found that the � Value is better at 1 altbough the difference between

4/3 and 1 is not great.

Wyllie and Gardner (1958) mOdified Childs and Collis-George's (1950) model by

assuming that the flow in a porous lllediUIll is controlled mainly by the joint interlace

between two adjacent thin layers which are imaginary and randomly joined by parallel

capillaries. Burdine's (1953) formula, Eq. (2.36), was the final result.

Mualem (1976) analyzed a conceptual model of porous media similar to that of

Childs and Collis-George (1950). Two imaginary parallel slabs normal to the flow direction

and with a distance of dx apart are conSidered, where d.x is in the same order of pore radii.

The probability of the pore domain characteriZed by (r, p) is

a(r .p) =G(R,r ,p)! (r)f (p)drdP (2.43)

where: G(R, r, p) = correction faCtor accounting for partial correlation
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(2.44)

between r and p at a given water content, e(R).

Two assumptions were made: (i) there is no by-pass between the slab pores, and (ii)

the pore configuration can be replaced by a pair of capillary elements whose lengths are

proportional to their radii (i.e., 11/l2 = rIp). The coefficient of permeability is then

proportional to (re2=rp). To consider the eccentricity of the flow path, a tortuosity factor,

T(R, r, p), was used. In addition, both G(R, r, p) and T(R, r, p) were further assumed to be

a power function of the effective degree of saturation. All of these assumptions lead to:

where: (Xl = empirical index.

A statistical analysis was performed and the optimal value of (Xl was found to be 0.5

based on the experimental data for 45 soils. At the same time, the study concluded that

there is no single model which fits every soil.

Mualem and Dagan (1978) proposed a versatile model for computing the relative

permeability in unsaturated soils as follows:

(2.45)

where:

r� = J(r,p,R) (2.46)
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da, = F(r,p,R)drdp (2.47)

Based on this equation, and with different assumptions about J(r, p, R) and Ftr, p,

R), all of the available equations can be derived. Mualem (1982) tabulated all of the

available versions of equations derived from Eq. (2.47). It was concluded that each of the

equations can be expressed as one of the following three general formulae:

(2.48)

k (e) - s� re de /16, de
r

-

II Jo ( _ )2+11 0 ( _ )2+11U" u; U" u;
(2.49)

[ ]2k e - s� de 9, de
,( ) - · r (u. -uS'"/L (u. -u.f'"

(2.50)

2.2.5 Relationship Between Different Kinds ofModels

Four types of functions have been presented for predicting the coefficient of

permeability in porous media which is assumed to have an incompressible soil structure.

The first type describes the coefficient of permeability as a function of matric suction. The

second type expresses the coefficient of permeability in terms of volumetric water content.

The third type, referred to as the macroscopic model, relates the relative permeability to

effective degree of saturation. The last type, called the statistical model, calculates the

coefficient of permeability from the soil-water characteristic curve of a soil.

------------------�
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The four types of models are correlative due to the relationship between the

volumetric properties. As a result, one type of the models can be transformed to another

with the existing relations.

For instance, the relative permeability which is described as a function of the

effective degree of saturation, can be expressed in terms of matric suction based on the

soil-water characteristic relationship proposed by Brooks and Corey (1964) (i.e., Eq.

(2.22)). Similarly, using the definition of effective degree of saturation in Eq. (2.17b), the

relative permeability function referring to the effective degree of saturation can be

expressed as a function of the volumetric water content

If Equation (2.22) is substituted into Burdine's (1953) formula, Eq. (2.36), a

macroscopic model, which describes relative permeability in terms of the effective degree
of saturation, will be produced. This derivation was completed by Brooks and Corey

(1964).

van Genuchten (1980) postulated a new relationship for the soil-water characteristic

curve as follows:

}""1
S =

,• { 1+ [a'(u. - uw)j" (2.52)

where: a' = constant representing the air entry pressure

m', n' = experiment indices

From this relation, van Genuchten derived the closed-form solution for the relative

penneability function with respect to matric suction. Based on Mualem's (1976) formula,

Eq. (2.44), and assuming m' equals (I-lin'), the following equation was developed:
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k = l-[a'(ua -Uw)]','-2{1+[a'(ua -Uw)]"'rlll'
r

{1+[a'(ua -Uw)t } 2m'
(2.54)

kr
{l-[a'(ua -Uw)]','-l {I +[a'(ua - Uw)]'" r""Y

{1+[a'(ua -Uw)]"'}",'/2
(2.53)

By applying Eq. (2.52) to Burdine's (1953) formula, Eq. (2.36), and assuming that

m' equals (1-2/n'), it can be shown that

The limitation of the models described in this section is that all of them treat the

porous media as constant-volume materials. However, being porous media, soils may

deform significantly as the stress state variables change. Therefore, more work is needed

for applying these models to engineering practice.

2.3 Coefficient ofPermeability for Saturated Porous Media as a Function ofVoid

Ratio

Kozeny (1927) conceptualized the flow in a saturated porous medium as a bundle

of capillaries with a common hydraulic radius, and with a cross-sectional shape

representative of the average shape of a pore cross-section. He also assumed that the path

of a streamline through the medium would be tortuous, with an average length, Le, which is

greater than the length of the specimen, L. A general equation for the flow rate through a

non-circular capillary can consequently be obtained as follows:

(2.55)
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(2.56)

where: Ve = flow rate for a capillary

RH = hydraulic radius

C1
= shape factor

L, = the tortuous length of a capillary.

The hydraulic radius was referred to the specific surface area per unit volume of soil

matrix as follows:

where: n = porosity

as = specific surface area per unit volume of soil matrix.

Using the relation between the macroscopic flow rate and the capillary flow rate

(i.e., ve equals vln) and substituting Eq. (2.56) into Eq. (2.55) gives:

(2.57)

where: L = length of the specimen.

Referring to Darcy's law and substituting (LILeC1',l) with C2 yields Kozeny's (1927)

equation:

(2.58)
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where: C2 = Kozeny constant.

Taylor (1948) derived an equation for coefficient of permeability in a saturated soil.

Based on the theory of hydrodynamics, the flow rate in a singular capillary tube is written

as:

where:

(2.59)

q = flow rate for a singular capillary tube

C3 = shape factor

i = hydraulic head gradient
a = cross-section area of the tube.

For the total cross section of a soil matrix, the area available to flow is proportional
to its porosity. Therefore, the flow rate for the total soil matrix is

where:

Q-c PwgR� "A-3 nz

J.L
(2.60)

Q = flow rate for the total cross-section of the soil matrix

A = cross-section area of the soil matrix.

The hydraulic radius in a soil can be interpreted as:

(2.61)
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where: Aj ::: flow area

P ::: perimeter of wetted area

L ::: length of flow tube

Vs ::: volume of particles

As ::: specific surface area per unit volume of particles.

Assuming that D
s is the diameter of a spherical grain which has the same ratio of

volume to surface area as that of a soil, the following relationship can be obtained:

(2.62)

From Equations (2.60) and (2.62), and expressing n in terms of e yields:

(2.63)

Comparing Equation (2.63) to Darcy's law and taking C4 as (C3/36) gives:

3

k = D2 pwg _e_C
& s

� l+e
4 (2.64)

where: C4 :::: constant depending on void ratio.

Taylor (1948) presented the experimental data of a beach sand to support the above

relationship as shown in Fig. 2.18. At the same time, another set of experimental data was
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•

presented as in Fig. 2.19 in order to demonstrate that the log kg versus e relationship is also

close to a straight line.
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Figure 2.18 Experimental check on theoretical proportionality between
saturated coefficient of permeability and a function of void

ratio for a beach sand (data from Taylor, 1948).
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Figure 2.19 Relationship between saturated coefficient of permeability and

void ratio in a fine-grained soil (data from Taylor, 1948).
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(2.65)

Carman (1956) modified Kozeny's (1927) equation with two considerations: (i) the

difference between the nominal hydraulic gradient and the actual hydraulic gradient, and (ii)
the differentiation between the nominal velocity and the actual velocity. A new term,

tortuosity, was introduced to describe the discrepancy of the flow paths from a straight

path. In addition, the specific surface area per unit volume of particles was used instead of

the specific surface area per unit volume of soil matrix. This modification produces a new

equation as follows:

where: T = tortuosity, is defmed as Le/L

As = specific surface area per unit volume of particles.

If Cs is set equal to be (l/C2) and the void ratio, e, is expressed in terms of porosity,
n, the Kozeny-Carman (Carman, 1956) equation is arrived at as follows:

(2.66)

where: Cs = a constant depending on the soil-water system.

Terzaghi and Peck (1948) quoted an equation which was suggested by Casagrande.

The saturated coefficient ofpermeability was expressed in terms of void ratio as:

(2.67)
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(2.68)

where: ko.S5 = saturated coefficient of permeability at a void ratio of 0.85.

Based on the experimental data of clean medium and fine sands, the above equation
relates the saturated coefficient of permeability proportionally to the square of void ratio.

Lambe and Whitman (1969) published numerous experimental data obtained from a

variety of soils as presented in Fig. 2.20. Based upon these data, it was concluded that the

log k, versus e relationship generally appears close to a straight line for nearly all kinds of

soils. In the meantime, the k, versus [e3/(1+e)] relationship also indicates close to a straight
line form in some cases, as shown in Fig. 2.21.

Nishida et al. (1971) reported that the following empirical equation is applicable to

a number of cases:

where:

(2.69)

b14 = 0.01 Ip +0' (2.70)

where: a14' b14 = empirical constants

Ip = plastic index

0' = constant depending on soil type, may be taken as 0.5.

The study concluded that Eq. (2.68) is reasonable when the saturated coefficient of

permeability is in a range of 10-9 to 1Q-6 mls. The discrepancy becomes significant for highly

plastic clays in which the coefficient of permeability is less than 10-10 mls. Based on the
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Figure 2.20 Saturated coefficient of permeability data (from Lambe and Whitman, 1969).



5

/
5
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(2.71)

experimental data of a bentonite and Kanazawa natural clay, a new form of equation was

suggested for highly plastic clays as follows:
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Figure 2.21 Saturated coefficient of permeability as a function of void ratio, (a) k, versus

functions of e, and (b) log k, versus e (from Lambe andWhitman, 1969).
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where: ko = saturated coefficient of permeability at void ratio eo

eo = a reference void ratio.

2.4 Coefficient of Permeability Function for Deformable, Unsaturated Porous Media

The density of a soil may change as a result of compaction or due to a change in

either of the stress state variables, or both. Studies were conducted to investigate the

influence of compaction on the engineering behavior, (e.g., shear strength (Seed and Chan,

1959) and coefficient of permeability (Mitchell et al., 1965», of a soil. The studies showed

that soils, particularly clays, compacted at different water contents, to different densities,

are "different" soils (Fredlund and Rahardjo, 1993a) due to their differing structures.

Consequently, the soil properties at various densities obtained from compaction cannot be

used to establish a permeability function in terms of density or void ratio. On the other

hand, a consolidation process, which is a result of a change in stress state variables, does

not significantly affect the structure of a soil so that the soil can be considered to be the

same soil, because the structure is essentially the same. In this dissertation, the influence of

the structure will not be discussed. Therefore, a change in void ratio, density or total

volume is assumed to be induced by a change in stress state variables rather than by

compaction.

Considerable effort has been extended to investigate the influence of density on the

coefficient of permeability of an unsaturated soil. Unfortunately, most studies have been

carried out strictly on the effect of the density obtained by compaction. In other words, the

data in these studies may not be reliable for relating the coefficient of permeability to void

ratio and degree of saturation due to the influence of compaction on the structure of the

tested soils. However, the materials tested in some of these studies are predominantly sand

and silt in which the changes in structure caused by compaction are small so that the data

should be valuable. Therefore, research dealing with the coefficient of permeability as a
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function of density and degree of saturation is outlined in this section, followed by a brief

comment on the effect of soil structure.

Staple (1954) and Lehane investigated the effect of the density on the coefficient of

permeability of an unsaturated soil. Instantaneous profile-type tests were used in order to

determine the coefficient of permeability in three compacted samples of Wood Mountain

clay loam with dry densities of 1.21, 1.28 and 1.33 g/cm3, respectively. The experimental
results are presented in Fig. 2.22. The study "could not establish a functional relationship
between the coefficient of permeability and the density at different water content due to

insufficient data". In addition, the effect of compaction on the structure of the clay loam

might be significant; consequently, the data obtained at different densities might not suggest
such a functional relationship.
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Figure 2.22 Coefficient of permeability versus volumetric water content for
Wood Mountain clay loam (from Staple and Lehane, 1954).
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(2.72)

The coefficient of permeability for a compacted silty clay was studied by Mitchell et
al. (1965). The permeability test was conducted in a designed steady-state flow cell. The

silty clay was selected as the experimental material in order to investigate the influence of

four factors on the coefficient of permeability: (i) compaction condition, (ii) method of

compaction, (iii) thixotropy, and (iv) degree of saturation. The effect of the degree of

saturation on the coefficient of permeability was estimated theoretically and experimentally
verified. By conceptualizing the unsaturated soil at a degree of saturation of S as a

saturated soil with a porosity of (nS), the theoretical estimation can be completed in a

similar manner to that of Taylor (1948). The derivation yields the following relationship:

This theoretical estimation shows that the unsaturated coefficient of permeability is

proportional to the cube of the degree of saturation while the saturated coefficient of

permeability versus the void ratio relationship remains the same as that described in Section

2.3. The experimental results for a silty clay presented in Fig. 2.23 support the theoretical

estimation (i.e., kw is proportional to S3). However, the degree of saturation under

consideration is in a narrow range of 80 to 100%. It should be noted that the saturated

coefficient of permeability for different samples cannot be used to obtain the k, versus e

relationship due to their differing structures.

Laliberte et al. (1966) carried out a study to investigate the effect of density on the

coefficient of permeability of unsaturated soils. Steady-state-type test was selected to

measure the coefficient of permeability for three soils, namely, Touchet silt loam (GE3),

Columbia sandy loam and an unconsolidated sand. The percentage of particle size finer

than 5 um for these soils are 15%, 11% and 4%, respectively. A hydrocarbon fluid was

used as the permeant. The initial densities were obtained by compaction and were
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considered to be constant during the measurement of permeability. Three parameters. ks• 11

and (ua - uw)b' in Eq. (2.3), which was proposed by Brooks and Corey (1964), were

determined at various densities. The experimental results are shown in Figs. 2.24a, b and c.

The study concluded that density has a significant influence on the saturated coefficient of

permeability (referred to as intrinsic permeability, Ko. in Fig. 2.24(a» and the air entry

pressure while the pore size distribution coefficient, 11, is not considerably affected. The

intrinsic permeability, Ko' was expressed in terms of the other parameters, 11 and (ua - Uw)b'
This study appears to be the first one to estimate quantitatively the influence of density on

the coefficient of permeability function. Furthermore, the particle-size analyses showed that

the clay fraction in the tested soils is small so that the difference in structure induced by

compaction may be neglected.
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Figure 2.23 Influence of degree of saturation on the coefficient of permeability
of compacted silty clay (data from Mitchell et al., 1965).
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Figure 2.24 Parameters in coefficient of permeability functions versus void ratio for
three disturbed soils, (a) intrinsic permeability versus void ratio, (b) air entry
pressure versus void ratio, and (C) pore size distribution coefficient versus

void ratio relationships (data from Laliberte et al., 1966).

Barden and Pavlakis (1971) conducted permeability tests using a specially designed

triaxial permeameter. Both coefficients of permeability with respect to water and air phased

were measured simultaneously in a soil specimen. Three types of clays were tested: namely,

Westwater clay, Backwater clay and Rerwent clay. Two factors were assumed to influence

the coefficient of permeability for unsaturated soils: namely, degree of saturation and soil

structure. Both factors are controlled by the clay content of a soil, moulding water content,

method of compaction, and subsequent changes in net normal stress and matric suction.

The former stress state variable has the greatest effect on soil structure and the latter has

the greatest effect on degree of saturation. However, no relationship was derived, for two

reasons: (i) the structure is not readily quantified and exists on at least two levels ofmacro

and micro-structure; and (ii) the structure complicates the degree of saturation, since the
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10-3

water can reside in the macro-pores or the micro-pores. Figures 2.25 and 2.26 present the

typical results from this investigation.
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Figure 2.25 Water and air coefficients ofpermeability as a function of gravimetric
water content for Backwater soil (from Barden and Pavlakis, 1971).
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k ::
kw(e)

m

l+e (2.73)

The effect of density on the coefficient of permeability in a swelling soil was

examined by Douglas and McKyes (1978). A modified coefficient of permeability was

suggested as a variable to describe the permeability characteristics in the swelling soil,

which has significant total volume change as the matric suction changes. The modified

coefficient of permeability is defined as:

where: km = modified coefficient of permeability.

The coefficient of permeability, kw(8), was calculated based on the outflow method

developed by Gardner in 1956. The coefficient of permeability, kw' is plotted against matric

suction in Fig. 2.27(a). The corresponding modified coefficient of permeability, km' is

presented in Fig. 2.27(b). Plotting log km against porosity, n, gives Fig. 2.27(c). Using the

linear regression technique, the modified coefficient of permeability was related to the

porosity of the clay as follows:

s; = 0.01 exp[54.6(n -1)] (2.74)

Or it can be re-arranged as:

kw:: 0.01 (1+O)exp[54.6(n-l)] (2.75)

Static compaction (pressures are shown in Fig. 2.27) was used in this study.

Consequently, the influence of structure induced by compaction should be significant in the

swelling soil. Therefore, the data might not be reliable for studying the effect of porosity.
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Figure 2.27 Experimental data for a swelling soil, (a) coefficient of permeability
versus matric suction, (b) modified coefficient of permeability
versus matric suction, and (c) modified coefficient of permea
bility versus porosity (from Douglas and McKyes, 1978).

Lloret and Alonso (1980) derived an equation for the consolidation process in an

unsaturated soil. A new empirical equation was proposed to estimate the coefficient of

permeability for the unsaturated soil as follows:

where:

(2.76)

bIS = experimental coefficient

kw(S, eo) = permeability function at a void ratio of eo'
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the soil-water characteristic curve using a linear regression technique. The soil-water

characteristic curves are shown in Fig. 2.28 and the corresponding coefficient of

permeability data are shown in Fig. 2.29. No analytical relationship was suggested.

Similarly, the effect of variation in structure might be reflected by these data.

It was assumed that kw(S) is the same at any void ratio. However, no experimental
evidence was presented to suppon the postulation. It appears that the linear log ks versus e

relationship, which was described in Section 2.3, was used to account for the influence of

the volume change of a soil in the above proposed equation.

The influence of density on the coefficient of permeability of an unsaturated soil

was investigated by Reicosky et al. (1881). The study simulated the flow through a wheel

track. Four compacted specimens of Barnes loam with density of 1.0, 1.2, 1.3 and 1.6

g/cm3, respectively, were tested. The saturated coefficient of permeability was measured

using a steady-state-type test. The unsaturated coefficient of permeability was calculated

based on Campbell's (1974) formula (i.e., Eq. (2.12)). The index, bll' was obtained from

• 1.3 g/cm3

----<>-- 1.6 glcm3

0.1 1 10 100 1000 10000

Matric suction, (ua - uw) (kPa)

Figure 2.28 Soil-water characteristic curves for Barnes loam compacted
to different dry densities (from Reicosky et al., 1981).
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Chang and Duncan (1983) derived the equations for the consolidation analysis in

unsaturated soils using an elastic-plastic effective stress-strain model. In the derivation, a

coefficient of permeability function that embraces the influence of both volume change and

degree of saturation was adopted based on Chang's (1976) previous investigation. The

empirical equation describing the coefficient of permeability in terms of void ratio and

degree of saturation can be given as:

Ge
= factor depending on void ratio

H, = factor relating to degree of saturation.

where:

Singh's (1965) model (i,e., Eq. (2.24)) was selected forH; That is,

-Alt ..
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H =(S-St)Ss

1-St
(2.78)

The experimental data published by Mitchell et al. (1965) (i.e., the data shown in

Fig. 2.16) were used to strengthen this relationship.

For the factor Ce, either the loge, versus e or k, versus [e3/(1+e)] linear relationship

(i.e., as described in Section 2.3) was adopted. Thus,

(2.79)

or

G
e / eo

e =exp- exp-
b16 b16

(2.80)

where: b16 ::: experimental index.

A constant index, 0, (e.g., 3) was suggested in the study. However, it may change

with the void ratio, at least to some degree, according to the experimental data presented

by Laliberte et al. (1966). As a result, the influence of the void ratio on the coefficient of

permeability is included in the factor Hs' The parameters, 0 and Sf were suggested as 3 and

o respectively in the case that experimental data are not available to define the most

appropriate value ofH;

The permeability characteristics of a sandy soil at low water content were

investigated by Nimmo and Akstin (1988). The soil samples were compacted to various

densities using different methods. The coefficients of permeability for the samples were

then measured in a specially designed steady-state centrifuge permeameter. The volumetric
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water content at each measurement was in a range of 0.06 to 0.12, which is relatively low

compared to a saturated volumetric water content of 0.33 to 0.38. A typical set of

experimental data is presented in Fig. 2.30(b). The corresponding values of the volumetric

water content at each measurement are shown in Fig. 2.30(a). The investigation concluded

that the coefficient of permeability at low water content is significantly affected more so by
the compaction method rather than by the porosity. In addition, the results indicated that

flow still occurs at low water content and the coefficient of permeability versus volumetric

water content relationship still follows a power function. The saturated coefficient of

permeability was re-plotted against void ratio in Fig. 2.31. The logks versus e relationship

presents a straight line and thus indicates little structure dependence. This study also

implies that the small pores, rather than the large pores, are significantly affected by the

compaction method. No analytical solution was suggested.
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2.S Summary

According to the above discussions, the models, which appear frequently in the

literature, can be categorized into following six types.

1. Coefficient ofPermeability as a Function ofMatric Suction

2. Coefficient of Permeability as a Function of Volumetric Water Content

k =k (�)""w s

e
s
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3. Relative Permeability as a Function of Effective Degree of Saturation

4. Statistical Models

5. Saturated Coefficient ofPermeability as Function ofVoid Ratio

3

/
3

k =k _e_ �
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6. Coefficient of Permeability Function in Deformable Porous Media
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The first type of empirical model was based upon the experimental data from a

variety of soils especially from sandy and silty soils. It describes the coefficient of

permeability as being dependent on matric suction. As a matter of fact, a change in matric

suction may produce a change in degree of saturation as well as in void ratio of a soil

unless the soil is relatively incompressible in structure. A decrease in either degree of

saturation or the void ratio will reduce the coefficient of permeability in the soil, although
the former may have a more significant effect than the latter. As a result, the coefficient of

permeability function in terms of the matric suction embraces the influence of the change in

both degree of saturation and void ratio. Therefore, different initial volume-mass properties

(i.e., void ratio and degree of saturation) in a soil may subsequently induce differing

parameters so that this type of model is good for fitting rather than predicting purposes. In

a swelling soil, however, an increase in matric suction may reduce the void ratio

considerably while the degree of saturation may remain near or at 1. The soil is actually

saturated in this case. Eventually, this type of model may mix the saturated state with the

unsaturated state so that it is not a useful tool to describe the coefficient of permeability in

a swelling soil.

Similarly, the second type of empirical model was obtained from fitting

experimental data mainly in sandy and silty soils. It relates the coefficient of permeability to

the volumetric water content in a soil and also embodies the overall influence of the void

ratio and degree of saturation. In an incompressible soil, a decrease in volumetric water

content symbolizes a change in degree of saturation. In a swelling soil, however, a decrease

in volumetric water content may be the result of a change in void ratio even when the soil is

still saturated. Therefore, this type of model cannot separate the saturated state from

unsaturated state and would not be a good model for a swelling soil.

Being called the macroscopic model, this third type of model was developed

theoretically and then experimentally proven by different investigators. It adopts the

effective degree of saturation as the variable and may be the best model available to

________1IIIIIIII
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The fourth type is based on statistical model. It appears that the models have quite a

strong theoretical background and performs encouragingly in constant-volume porous

media The advantage of this type is that the coefficient of permeability can be calculated

directly from the soil-water characteristic curve, which is easier to quantify. However, the

parameters in these models were found to be volume-mass dependent. In addition, they use

the volumetric water content as the variable in many cases. Therefore, the application of

statistical model to deformable media will add error to the prediction.

The relationships between the saturated coefficient of permeability and void ratio

are set out above under the fifth type. Both relationships, especially the linear log k, versus

e relationship, are well known in geotechnical engineering and have strong theoretical and

experimental backgrounds. It appears that this type ofmodel can be used with confidence.

So far, the sixth type, which was proposed by Chang and Duncan (1983), appears

to be the best model to predict the coefficient of permeability in both deformable and

incompressible porous media On a conceptual basis, it separates the influence of void ratio

from that of degree of saturation so that the model can be applied to deformable media

successfully. However, a constant index, 0, in the degree of saturation dependent factor, Hs

was suggested. According to the investigation accomplished by Laliberte et al. (1966) and

Mualem (1978), the index, 0, in the macroscopic model is slightly dependent on the void

ratio in a soil. Therefore, the void ratio affects the factor H, to some degree.

In order to properly predict the coefficient of permeability in deformable porous

media such as soils, it is necessary to combine the knowledge of soil science with that of

describe the behavior of coefficient of permeability in an unsaturated soil. It successfully

distinguishes the difference between the saturated and unsaturated state. However, it does

not include the influence of void ratio in a deformable porous medium. Therefore, the

application of this model to a deformable medium should be accompanied by a void ratio

factor.
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geotechnical engineering. This special need has prompted the research described in this

dissertation.
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CHAPTER 3

THEORY

3.1 Introduction

The coefficient of permeability for a porous medium depends on its pore size

distribution, regardless of whether the medium is saturated or unsaturated. Therefore, for

a saturated, ideally non-deformable, porous medium, the coefficient of permeability is

constant when the other conditions (e.g., fluid, temperature, hydraulic gradient, entrapped

air bubbles) are fixed. Consequently, the coefficient of penneability for such an

unsaturated porous medium is a singular function of the degree of saturation. As a result,

the coefficient of permeability function is unique for such an ideal medium if other

conditions remain unchanged.

The situation is different for a deformable porous medium. The volume and

distribution of the pores change whenever the medium deforms due to sliding between the

particles. The coefficient of permeability for the medium, consequently, is not only a

function of the degree of saturation but also a function of the total pore volume.

According to the volume change theory for unsaturated soils, the deformation in a

soil may be induced as a result of a change in either of the stress state variables: namely,

net normal stress or matric suction (Fredlund and Rahardjo, 1993a). However, changes in

the net normal stress usually have a more significant influence on volume change than
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changes in matric suction. A swelling soil is a special case, in which changes in matric

suction may cause deformations as significant as do changes in the net normal stress.

In order to categorize the soil type in terms of its deformation mechanism, some

particular terms are used throughout this dissertation. A porous medium which deforms

due to changes in either of the stress state variables will be called a deformable porous

medium. A porous medium which deforms as a result of changes in the net normal stress

will be referred. to as a compressible porous medium. A porous medium which deforms as

the matric suction changes will be regarded as a swelling porous medium. By these

definitions, a deformable medium can be either compressible or swelling, or both. The

deformation due to an increase in the net normal stress is called compression while the

deformation induced by a decrease in the net normal stress is defined as rebound. The

deformation caused by an increase in the matric suction is referred to as the shrinkage

whereas the deformation due to a decrease in the matric suction is termed swelling.

In the case of the monotonic drying process, the coefficient of permeability at a

particular volume-mass state (i.e., void ratio and degree of saturation) can be predicted

using any of the empirical relationships or statistical models described in Chapter 2, under

the condition that the porous medium is non-deformable. The problem becomes more

complex for a deformable porous medium due to the involvement of the volume change. A

coefficient of permeability function in terms of volumetric water content or matric suction

is no longer unique in the deformable case. Even the coefficient of permeability function in

terms of effective degree of saturation (i.e., the macroscopic model) is not unique due to

the effect of the volume change in a deformable porous medium. The statistical models

commonly refer to the soil-water characteristic curve (i.e., the volumetric water content

versus matric suction relationship). However, for a deformable porous medium, this curve

is not unique so that it cannot be used without considering the effects of the volume

change. It appears that modification is necessary for applying the coefficient of

permeability functions for non-deformable porous media to the deformable case.
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An attempt is made in this chapter to develop the permeability theory for

deformable porous media based upon the available permeability theory for non-defonnable

porous media and for deformable, saturated porous media Some important variables are

defined first, followed by a brief introduction to the volume change theory for unsaturated

soils. The three-dimensional relationships between the coefficient of permeability, degree
of saturation, void ratio and matric suction for compressible porous media are then

discussed and presented both numerically and graphically. Finally, the same relationships
for swelling porous media are examined from both a macroscopic and a microscopic

standpoint.

3.2 Definitions of Variables

In order to describe the differences between non-deformable and deformable

porous media, some important variables are discussed in this section.

VolumetricWater Content

The volumetric water content, a, is a commonly used variable in soil science to

describe the soil-water volumetric relationship for unsaturated porous media It is defined

as the ratio of the volume of water to the total volume in a soil matrix. A porous medium

is saturated when the volumetric water content, a, is equal to the saturated volumetric

water content, as' or porosity, n. In soil science, a porous medium is considered to be

unsaturated whenever a is less than as' This is true for a non-deformable porous medium,
in which the degree of saturation is calculated from the ratio of (a/as)'

For a deformable porous medium, the saturation state cannot be based only on the

volumetric water content since a decrease in volumetric water content may be a result of

deformation. In other words, the volumetric water content varies due to a change in either
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Degree of Saturation

void ratio or degree of saturation, or both whenever volume change is involved. regardless

of whether the medium is saturated or unsaturated. As a result, this variable cannot be

used to properly analyze the flow phenomenon for deformable porous media.

The degree of saturation, S, which is referred to as the ratio of the volume of water

to the total void volume in a porous medium, is a fundamental variable for describing the

saturation state in the medium. For a non-deformable porous medium, the degree of

saturation is equivalent to the ratio of the (9/9s) due to the constant porosity (i.e., S equals

6/n). In a deformable porous medium, however, the degree of saturation is no longer

equivalent to the volumetric water content due to the variable porosity. One of the

advantages for using degree of saturation is that the saturated state can be clearly justified

by this variable. Therefore, a degree of saturation of 100% indicates a saturated state

while a lower value represents an unsaturated state. It can be noted that the degree of

saturation for a deformable porous medium is defined based on the current volume rather

than the initial volume.

Effective Degree of Saturation

The effective degree of saturation, Se' is another variable frequently used in the

literature. It is defined as follows:

S =
S -S,

e
l-S

r

(3.1)

where: S, ::::: effective degree of saturation
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a-a
r (3.2)

S = degree of saturation

S, = residual degree of saturation.

For a non-deformable porous medium, it can be defined in a similar manner using

volumetric water content:

where: 6 = volumetric water content

as = volumetric water content at saturation

6, = residual volumetric water content corresponding

to the residual degree of saturation.

The effective degree of saturation is introduced in order to define the actual

volumetric fraction of "free" water which is available in voids. It is assumed that there is a

fraction of "immobile" water in the pores, which has no contribution to the flow in the

pores. Or, in other words, the flow in the "immobile" water can be neglected. As a result,

this volume of "immobile" water can be considered to be the same as a solid particle.

Therefore, the effective degree of saturation should be defined based on the fraction of

"free" water, as described in Eq. (3.1). It should be noted that the effective degree of

saturation defined by Eq. (3.1) is also applicable to deformable porous media while the

definition based on volumetric water content (i.e., �q. (3.2)) is appropriate only for

constant-volume porous media.
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Residual Degree of Saturation

Theoretically, there are basically two different definitions for the residual degree of

saturation (i.e., corresponding to residual volumetric water content). One defines the

residual degree of saturation, Sr' as the value at which the flow in the water phase is small

enough to be neglected (i.e., the coefficient of permeability becomes essentially zero). The

other defines S, as the value at which an increase in matric suction does not produce a

significant change in the degree of saturation. This value, however, is not easy to define

quantitatively. At least six methods appear in the literature which have been used to

estimate the residual degree of saturation (Corey, 1954; Brooks and Corey, 1964; White

et al., 1970; Mualem, 1976; van Genuchten, 1980; Chang and Duncan, 1983). Among

these available methods, the least squares method, which was suggested by Brooks and

Corey (1964) graphically and later by Mualem (1976) mathematically, may be most useful

from a theoretical point of view. The method estimates the residual degree of saturation in

an easy way on the basis of the measured data points.

The residual degree of saturation estimated using the available methods (i.e., in a

range of 0.10 to 0.30) is usually much higher than the smallest degree of saturation

obtained from desiccator tests (i.e., near zero) (Croney and Coleman, 1954; Fredlund,

1964; Fleureau et al., 1993). This adds difficulty to understanding the nature of the

residual degree of saturation. At very low values of degree of saturation, vapor flow is

required to bring the sample to equilibrium. In a porous medium, moisture is transported

in both liquid and vapor phases. The flow of the liquid phase becomes too small to be

measured when the matric suction in the medium becomes high. However, the vapor flow

continues until the soil is in equilibrium with the ambient relative humidity. It appears that

conventionally the residual degree of saturation is referred to as the value at which the

flow of the liquid phase is small enough to be ignored. It should be noted that the residual

degree of saturation is not equivalent to the "irreducible" degree of saturation, which can
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Fluids such as water flow through the pores of a soil due to the hydraulic gradient
in the soil. The pore size distribution of the soil subsequently determines its coefficient of

permeability. The law which describes this behavior is Poisseuille's law.

According to Terzaghi's effective stress principle (Terzaghi, 1925) for saturated

soils, a change in the effective stress will produce a variation in the total volume of the soil

while the volume change of the soil particles can be neglected. The change in total volume

means that there is a change in the volume of the voids. Terzaghi's effective stress

principle is commonly stated as:

be obtained through vapor flow. In general, the residual degree of saturation obtained

from the available methods is a best-fit parameter.

3.3 Relationship between Coefficient of Permeability and Volume-Mass Properties

a' = a- u
w (3.3)

where: 0' = effective stress

a = total stress

Uw = pore-water pressure.

In 1959, Bishop proposed the following effective stress principle for unsaturated

soils:

(5' = (5-U +X(u -u )Q Q W
(3.4)

where: Ua = pore-air pressure

X = an empirical parameter between 0 and 1.
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Bishop's effective stress principle for unsaturated soils suggests that not only

changes in total stress, 0', and pore-water pressure, uw' but also changes in pore-air

pressure, ua' can induce changes in the total volume of a soil. This single-valued effective

stress concept, however, has been found inappropriate for unsaturated soils.

Fredlund and Morgenstern (1977) proposed two independent stress state variables

(i.e., net normal stress, (0' - ua), and matric suction, (ua - uw» based on the mixture theory

of continuum and experimentally verified the existence of these two stress state variables.

Both stress state variables were proven to contribute to the volume change and the shear

strength properties of a soil. The volume of the voids in the soil can be changed as a result

of changes in the individual components or any combination of these components. The

volume of the water in the pores of the soil can change in an independent manner.

Fredlund and Morgenstern (1976) proposed the constitutive relations for the change in

volume of an unsaturated soil and the uniqueness of the relationships under monotonic

loading conditions was experimentally verified (Matyas and Radhakrishna, 1968; Fredlund

and Morgenstern, 1976). The constitutive relations for the soil structure and the water

phase are given in a soil mechanics (i.e., volume-mass) form as follows (Fredlund, 1985):

(3.5)

(3.6)

where: !le = change in void ratio

Aw = gravimetric water content

at = coefficient of compressibility with respect to net normal stress,

AelA(0' - ua)

am = coefficient of compressibility with respect to matric suction,

!leIA(ua - uw)
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b, = water index with respect to net normal stress, flw/fl(cr-ua)

»; = water index with respect to matric suction, flw/t:..(ua - uw)
t:..(o - ua) = increment of net normal stress

A(ua - uw) = increment ofmatric suction.

- .. - _ .. - ,�- -�--- ---_./

Fredlund and Morgenstern (1976) stated that at � am' and b, � bm. Also, when

matric suction is increased to a high level (i.e., degree of saturation becomes low), at»

am' and b, « bm•

The total void volume and the water content or degree of saturation in a soil may

change due to a change in net normal stress or matric suction, or any combination of these

variables. Consequently, the volume of pores in the soil will change whenever the stress

state variables are changed. The degree of saturation, S, will also change in accordance

with the following relation:

(3.7)

where: w == gravimetric water content

Gs
== specific gravity of soil particle

e == void ratio.

Accordingly, the coefficient of permeability may change due to a change in the

number and size of the water-filled pores. In other words, the coefficient of permeability in

a soil is a function of the two volume-mass soil properties (Fredlund, 1981):

(3.8a)

or

(3.8b)
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or

(3.8c)

Equations (3.8) indicate that the coefficient of permeability in a soil is determined

by its volume mass properties, which are dependent on the stress state variables. The

knowledge of soil mechanics for unsaturated soils makes the estimation of the soil

volume-mass properties from the change of stress state variables possible (Ho, 1988;

Fredlund and Rahardjo, 1993a). Therefore, the coefficient of permeability of the soil can

be determined as long as the functions in Eq. (3.8) are known. In addition, the uniqueness

of the coefficient of permeability function under a monotonic loading condition can also be

theoretically proven using the uniqueness of the constitutive relations in the soil. In other

words, there is no hysteretic behavior in the cases of monotonic loading. Throughout this

dissertation, monotonic loading is assumed and hysteretic behavior is not considered.

In soil mechanics associated with saturated soils, the coefficient of permeability is

usually expressed as a function of void ratio (i.e., as described in Chapter 2). In soil

science, the effect of the degree of saturation on the coefficient of permeability is

considered to be dominant due to the assumption that the soil structure be non

deformable. It is, therefore, quite natural to assume that the coefficient of permeability

function in a deformable porous medium can be expressed by two independent factors,

one is in terms of void ratio and the other in terms of degree of saturation. The first

equation based on this idea was suggested by Lloret and Alonso (1980). It can be

formulated as:

(3.9)

where: 11(e) = function of void ratio

12(8) = function of degree of saturation.
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The first function,/t(e), was referenced to the log ks versus e linear relationship
while no details were specified for the second function, 12(S) (Lloret and Alonso, 1980).

Three years later, Chang and Duncan (1983) suggested that either the log e, versus e or k,
versus [e3/(l+e)] relationships can be used to define the function.j'[fe), and the function,

12(S), can be specified as the macroscopic model, which expresses the coefficient of

permeability as a function of the effective degree of saturation.

It appears that the coefficient of permeability in an unsaturated soil, which is a

deformable porous medium, can be estimated by combining our understanding from soil

mechanics and soil science. Unfortunately, the function,/2(S)' has been found to be void

ratio dependent (Laliberte et al., 1966; Mualem, 1978). For this reason, the function,j2(S)'
depends not only on the degree of saturation but also on the void ratio to some degree. In

other words, the coefficient of permeability function for a deformable porous medium

cannot be separated into two independent functions, as presented in Eq. (3.9). As a special
case, however, if a soil is compressible and non-swelling, the coefficient of permeability
can be expressed in terms of two independent functions due to the constant void ratio

during a drying process. In this case, the index, 0, used in the macroscopic model depends
on the initial void ratio and the index remains constant for the entire drying process. In

general, it can be summarized that the problem only remains for swelling porous media

Therefore, it is of importance to understand both the void ratio and the degree of

saturation behaviors during the drying process for a swelling porous medium.

The relationship between void ratio and matric suction can be determined using the

constitutive relationship described in Eq. (3.5). Evidence was found to support the

following empirical relationship (Ho, 1988; Fredlund and Rahardjo, 1993a):

(3.10)

where: de = change in void ratio
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Cm = compressive index with respect to matric suction

� log (ua - uw) = increment ofmatric suction on a logarithmic scale.

The index, Cm' may change with matric suction. However, it can be taken as a

constant over a limited range ofmatric suction.

The relationship between the effective degree of saturation and the matric suction

can be obtained using soil mechanics relationships. In soil science, however, this

relationship is determined using the soil-water characteristic curve because the total soil

volume change is neglected. As with the soil-water characteristic curve, numerous

equations have been developed to mathematically express the effective degree of

saturation versus matric suction relationship. Of all equations, those suggested by Brooks

and Corey (1964) and van Genuchten (1980) are the most widely used. The equation

recommended by Brooks and Corey (1964) can be formulated as follows:

S =1� (3.11a)

(3. 11b)

where: (Ua-Uw)b = air entry pressure

A = pore size distribution index.

van Genuchten's (1980) equation can be written as:

(3.12)
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where: al = experimental constant

(Xl' �1 = empirical indices.

3.4 Coefficient of Permeability Surface for Compressible Porous Media

As mentioned previously, the coefficient of permeability can be expressed as a

function of both the effective degree of saturation and the void ratio. For a compressible

(and non-swelling) porous medium, the deformation due to a change in the matric suction

is negligible. The coefficient of permeability in the medium varies with the degree of

saturation alone. Based on the macroscopic model first proposed by Avetjanov (1950) for

non-deformable porous media and the empirical equation suggested by Lloret and Alonso

(1980) (i.e., Eqs. (2.21) and (2.76», the coefficient of permeability for a compressible

(and non-swelling) porous medium can be expressed as the following form:

(3.13)

where: kie) = saturated coefficient ofpermeability as a function of void ratio

o = an empirical index, is defined as �logkw/�logSe·

There are two empirical equations fOf describing the saturated coefficient of

permeability in tenns of void ratio (Lambe and Whitman, 1969). However, only the log k,

versus e relatiOllShip will be adopted throughout this chapter
in the following form:

k ( ) = k lob(e-e,,)
s
e

so

(3.14)

where: kso = saturated coefficient of permeability at eo

b I f th I k reus e line, �logkw/�e.
= s ope 0 e og s ve ;J

.i>:

J.�
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(3.15)

Referring to Eq. (3.14), Eq. (3.13) can be rewritten as:

The index, B, in Eq. (3.15) is dependent upon void ratio. Figure 3.1 is obtained by

re-analyzing the data published by Laliberte et al. (1966). IT the effect of structural change
induced by compaction can be ignored because the three soils is essentially sand and silt

size particles, it appears that the index, B, increases as the void ratio, e, decreases.

Furthermore, it would appear that the B versus e relationship can be approximated by a

straight line. The change of the index, however, is relatively small compared to the value

of the index. Therefore, the index, 0, has been commonly considered to be independent of

void ratio.

Assuming the index, 0, is linearly related to the void ratio, that is,

(3.16)

where: Bo = index at a void ratio of eo

C = slope of the 0 versus e line.

In accordance with Eq. (3.16), Eq. (3.15) can be rearranged as follows:

(3.17)

) 89



2

0.6 0.8 1.0

Void ratio, e

1.2 1.4

6

3

,

Touchet silt loam _-
_
-

i--
_

- . i-- - •
.; - � - _--•

Columbia sandy loam

. - - . -.-
-

- -.- -

Unconsolidated sand

5

Figure 3.1 Index, B, versus void ratio relationship (data from Laliberte et al., 1966).

In the case that B is constant, the slope, c, is equal to zero. Consequently, the

coefficient of permeability can be expressed in terms of two separate functions, one in

terms of the void ratio, and the other in terms of effective degree of saturation. For a

general case, the void ratio affects the function in terms of the effective degree of

saturation through the term, s/(e
- eo). This term, however, is close to unity whenever the

slope, c, is small.

Equation (3.17) represents a surface in three-dimensional space for the coefficient

of permeability function, which is referred to as the coefficient of permeability surface.

Taking the logarithm of both sides, Eq. (3.17) takes the following form:

logk = logk +b(e-e )+[B +c(e-e)] 10gSe
w so 0 0

(3.18)
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3.4.1 Graphical Presentation for the Coefficient of Permeability Surface

in Terms of Void Ratio and Effective Degree of Saturation

From Eq. (3.18), it becomes apparent that the coefficient of permeability function

for a compressible (and non-swelling) porous medium can be presented graphically with

respect to the effective degree of saturation and void ratio. The graphical representation
forms a surface in three-dimensional space. As shown in Fig. 3.2(a), the surface ABCD

represents the coefficient of permeability function. Generally, ABCD is not a plane but a

curved surface due to the variable indices, Band b (meaning as shown in Eqs. (2.13) and

(2.14». However, b is independent of the void ratio. Therefore, the surface ABeD is

close to a plane whenever the variation of B is small.

If a constant effective degree of saturation plane is selected, the trace of the

permeability surface on the selected plane can be numerically expressed as follows based

on Eq. (3.18):

(3.19)

where: Sec = a selected effective degree of saturation.

Equation (3.19) shows that the trace for the permeability surface on a constant

effective degree of saturation plane is a straight line in a plot of logkw versus e. The slope

of the line, however, changes with the selected effective degree of saturation and takes the

value of b on the unity effective degree of saturation plane. The graphical representation
for a set of traces of the coefficient of permeability surface on a series of constant effective

degree of saturation planes is illustrated in Fig. 3.2(b).
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Figure 3.2 Coefficient of permeability surface in terms of the effective degree of saturation
and void ratio on (a) 3D scale; and projection onto (b) e versus logkw plane,
(c) logkw versus 10gSe plane, and (d) e versus 10gSe plane.
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(3.20)

Similarly, the trace for the permeability surface on a constant void ratio plane can

be mathematically formulated as:

where: ec = a selected void ratio.

Equation (3.20) indicates that the trace of the permeability surface on a constant

void ratio plane also is a straight line with a slope of [ao+c(ec - eo)] in a plot of log kw
versus Se. When the void ratio is equal to eo' the slope becomes ao. The traces of the

permeability surface on a series of constant void ratio planes are graphically demonstrated
in Fig. 3.2(c).

Finally, the trace of the permeability surface on a constant coefficient of

permeability plane can be analytically described in the following form:

e = eo +
1 (lOg kwc -ao 10gSeJ(b+clogSJ r:

(3.21)

where: kwc = a selected coefficient of permeability.

Equation (3.21) shows that, in a plot of e versus Se' the trace of the permeability
surface on a constant coefficient of permeability plane is not a straight line but is mildly

curved unless the slope, c, is equal to zero. In the case that the slope, c, becomes small,

the curved trace can be approximated by a straight line. A group of traces for the

permeability surface on a series of constant coefficient of permeability planes are

demonstrated in Fig. 3.2(d).
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(3.22)

3.4.2 Effective Degree of Saturation Surface for Compressible Porous Media

Before the coefficient of permeability surface can be graphically presented in terms

of void ratio and matric suction, it is better to understand the effective degree of saturation

surface plotted against the void ratio and matric suction in a three-dimensional space. The

empirical equation suggested by Brooks and Corey (1964) (i.e., Eq.(3.11)) is adopted
herein to describe analytically the effective degree of saturation versus matric suction

relationship. According to the experimental data published by Laliberte et al. (1966), the

pore size distribution index, A, in Eq. (3.11) varies with the void ratio, as shown in Fig.

3.3(a). The relationship between the index, A, and void ratio can be approximately

formulated by the following linear relationship:

5 -
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o
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Figure 3.3 Index, A, versus void ratio relationship (data from Laliberte et al., 1966).
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(3.23)

where: Ao = pore size distribution index at eo

d = slope of the A versus eline, AA/Ae.

The air entry pressure, (ua - Uw)b' in Eq. (3.11) can also be approximately described

using a straight line in a plot of log (ua - uw)b versus e, as presented in Fig. 2.24(b). That is,

where: (ua - uw)bo = air entry pressure at a void ratio of eo

a = slope of the log(ua-uw)b versus eline, Alog(ua-uw)b/Ae.

Substituting Eqs. (3.22) and (3.23) into Eq. (3.11) gives:

(3.24a)

(3.24b)

As shown in Fig. 3.4(a), an effective degree of saturation surface in three

dimensional space is constructed based upon Eq. (3.24). The plane ABCD corresponds to

Eq. (3.24a) while the curved surface CDEF is described by Eq. (3.24b).

If a constant matric suction plane is considered, the trace of the effective degree of

saturation surface on the plane under consideration can be mathematically formulated as:

where: (Ua - uw)c = a selected matric suction.
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10gSe = logl for (u - u ) < (u - u) lO a(ec - eD)
a 141 -

a wbo (3.26a)

Equation (3.25) describes a curve but not a straight line in a plot of 10gSe versus e

unless the slope, d, of the (ua - uw)b versus e line is equal to zero. However, this slope is

fairly large in most cases. Figure 3.4(b) graphically illustrates a set of the traces for the

effective degree of saturation surface on a series of constant matric suction planes.
When a constant void ratio plane is plotted, the trace for the effective degree of

saturation surface on the plane can be numerically described as follows:

for (u - u ) > (u - u) 10 a(ec - eo)
a 141 a w/bo (3.26b)

Equations (3.26) represent two sections of straight lines in a plot of log S, versus

log (ua - uw)' A group of traces for the effective degree of saturation surface on a series of

constant void ratio planes are graphically demonstrated in Fig. 3.4(c).

The trace for the effective degree of saturation surface on a constant effective

degree of saturation plane can also be analytically expressed in the following form:

(3.27)

Equation (3.27) indicates that the trace for the effective degree of saturation

surface on a constant effective degree of saturation plane is a curve in a plot of log (ua - uw)

versus e. A group of traces for the effective degree of saturation surface corresponding to

a series of constant degree of saturation values are presented in Fig. 3.4(d).
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3.4.3 Numerical and Graphical Presentation for the Coefficient of

Permeability Surface in Terms ofVoid Ratio andMatric Suction

(3.28b)

Based on Eqs. (3.18) and (3.24), the coefficient of permeability can be expressed
as a function of void ratio and matric suction in the following form:

(3.28a)

A coefficient of permeability surface in a three-dimensional space can be plotted

against void ratio and matric suction for Eqs. (3.28), as shown in Fig. 3.5(a). It consists of

the plane ABCD and the curved surface CDEF.

A constant manic suction plane is first selected. The trace of the coefficient of

permeability surface on the selected plane can be numerically formulated as:

(3.29a)

logkw = logkso +b(e-eo)
-[50 +c(e -e)] [Ao + dee-eo)] {log[(ua -uw),/(ua -Uw)bo] -aCe-eo)}

for e > eo + log [(ua-uw)cf(ua-uw)bo] fa (3.29b)

Equation (3.29a) represents a straight line while Eq. (3.29b) represents a curve.

The trace may be consequently divided in to two sections. That is, a straight line section

and a curve section, corresponding to the matric suction under consideration. A set of
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for (u - u ) < (u - u) 10 a(ec - eo)
a w -

a wbo (3.30a)

traces for the permeability surface are shown in Fig. 3.5(b), based on a series of selected

matric suction values.

Let a constant void ratio plane then be considered. The trace of the permeability
surface on this plane can be mathematically expressed as follows:

logkw = logkso +b(ec -eo)
-[00 +c(ec -eo)] [A.o +d(ec -eo)] (log[(ua -uw)/(ua -uw)bo]-a(ec -eo)}

for (u - U ) > (u - u) 10 a(ec - eo)
a w a wbo (3.30b)

Both Eqs. (3.30a) and (3.30b) represent straight lines. In other words, the trace of

the permeability surface on this selected plane is two-sectional straight lines in a plot of

log kw versus log (ua - uw). Figure 3.5(c) graphically demonstrates a set of the traces for the

permeability surface on a series of constant void ratio planes.
A constant coefficient of permeability plane can also be plotted. The trace of the

permeability surface on such a plane can be analytically formulated as:

e = eo + (log kwc -log kso )/b (3.31a)

(3.31b)

Equation (3.31a) represents a constant void ratio line while Eq. (3.31b) describes a

CUlVe in a plot of e versus log (ua - uw). The intersection of the straight line and the curve is

at the air entry pressure determined by the constant void ratio in Eq. (3.31a),

corresponding to the selected coefficient of permeability. For a set of selected coefficient
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A swelling soil deforms due to a change in matric suction. The influence of the

subsequent volume change on the coefficient of permeability cannot be ignored if the

change in volume of the soil is considerable.

In order to understand the coefficient of permeability surface for a swelling porous

medium, a soil with a specific void ratio at a particular degree of saturation is considered

first. This volume-mass state (i.e., void ratio and degree of saturation) corresponds to a

fixed matric suction. Assume that a non-swelling (but compressible) porous medium has

the same pore shape and size distribution as that of the medium at the volume-mass state

under consideration. Theoretically, the coefficient of permeability for the swelling porous

medium at the selected volume-mass state should be the same as that for the assumed non

swelling (but compressible) porous medium. In the non-swelling (but compressible) case,

the coefficient of permeability at the selected volume-mass state can be determined by the

coefficient of permeability function described in the previous section. This implies that the

coefficient of permeability function for a non-swelling (but compressible) porous medium

can also be adopted to describe the coefficient of permeability function for a swelling

porous medium. The only difference is that the void ratio of a swelling porous medium

varies with the matric suction while the void ratio of a non-swelling (but compressible)

porous medium remains approximately constant as the matric suction changes. As a result,

the path of a monotonic drying process for a swelling porous medium is not in a constant

void ratio plane. In other words, the path is a three-dimensional curve.

Assume that Eq. (3.10) can be used to estimate the change in void ratio with

matric suction. The e versus log (ua - uw) relationship is then linear, as shown in Fig. 3.6(d).

of permeability values, a group of traces for the coefficient of permeability surface can be

graphically illustrated, as shown in Fig. 3.5(d).

3.5 Coefficient of Permeability Surface for Swelling Porous Media
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(3.32)

The path of a drying process on an effective degree of saturation surface can also be

graphically presented, as illustrated in Fig. 3.6(a). The air entry pressure, (ua - Uw)bp' and
the corresponding void ratio, ep' for this path can be determined from Eqs. (3.10) and

(3.23) as:

(3.33)

As shown in Fig. 3.6(a), the path, AGH, is the intersection curve of the effective

degree of saturation surface, ABCFED, and a plane represented by Eq. (3.10), AGID. The

equation for this path can be mathematically formulated by combining Eqs. (3.10) and

(3.24). The projections of the path onto the extreme planes can be given, respectively.

On the logSe and e plane:

log S. = log 1 for e > ep

log S, =P"o +d(e-eJ][log(ua -uw)bo +(a-l/Cm)(e-eo)]

(3.34a)

(3.34b)

On the 10gSe and log (ua-uw) plane:

log S. = log 1 for (ua - uw) � (ua - Uw)bp (3.35a)

log S, = [A.o + d Cm log(«, -uw)][log(ua - Uw)bo + (aC", -l)log(ua -uw)]

for (ua - uw) > (ua - Uw)bp (3.35b)

Equations (3.34) and (3.35) are graphically demonstrated in Figs. 3.6(b) and 3.6(c),

respectively. Theoretically, the projection of the path is straight line for section AG and
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curved for section GR. It becomes two-sectional lines when the index, A, is independent of

the void ratio. In addition, it will parallel the projection for a compressible (non-swelling)

porous medium when the index, Cm' is taken as zero. In other words, the path drops down

to the compressible (and non-swelling) case.

Similarly, the path for a drying process on a coefficient of permeability surface in

terms of the effective degree of saturation and void ratio can also be constructed based

upon Eqs. (3.17) and (3.34). Graphically, the path is the intersection curve for the

coefficient of permeability surface and the surface described by Eq. (3.34), as shown in

Fig. 3.7(a). Its projection onto the extreme plane of log kw and e can be analytically

formulated as:

fore> ep (3.36a)

logkw = logkso +b(e-eo)
+[Ao +dCm(e-eJ][Oo + c(e-eo)][log(ua -uw)bo +(a-l/ Cm)(e-eo)]

(3.36b)

The equation for the projection of the path for a drying process onto the extreme

plane of log kw and log S, is obtained with an assumption that the term, (e - eo)2, in Eq.

(3.34b) can be neglected:

for S, = 1 (3.37a)

logkw =logkso +bf(Se)
+[Ao +d Cm f (Se)][Oo + cf (Se)][log(ua -U,.,)bo + (a-l/ Cm) f (Se)]

for s, < 1 (3.37b)

where,
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The projections of the path for a drying process onto the extreme planes are

graphically presented in Figs. 3.7(b) and 3.7(c), respectively. The path also drops down to

the compressible (and non-swelling) case when the index, Cm' is taken as zero.

Finally, the path of a drying process on a coefficient of permeability surface with

respect to void ratio and matric suction can be graphically illustrated base on Eqs. (3.10)

and (3.28). Theoretically, it is the intersection curve for the coefficient of permeability

surface, ABCFED, and the surface expressed by Eq. (3.10), AGHI, as shown in Fig.

3.8(a). Its projections onto the extreme planes can also be mathematically expressed,

respectively:

On the log kw and e plane:

log z; = logkso +b(e-eJ fore> ep (3.39a)

log c, =logkso +b(e-eo)
+[00 +c(e-eo)] [1..0 +d(e-eo)][log(ua -uw)bo +(a-l/Cm)(ec -eo)]

(3.39b)

On the log kwand log (ua - uw) plane:

logkw = logkso +b(e-eJ (3.40a)

logkw = logkso +bCi; log(ua - uw) +[00 + cCmlog(ua - uw)]
x[Ao +dCmlog(ua -uw)][log(ua -Uw)bo +(aCm -l)log(ua -llw)]

(3.40b)

Both projections are graphically presented in Figs. 3.8(b) and 3.8(c), respectively.
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It can be noted that the path of a drying process for a swelling porous medium is

different from that for a compressible (and non-swelling) porous medium. Consequently,
the procedure for estimating the parameters in the coefficient of permeability function for

a swelling porous medium should differ from the compressible (and non-swelling) case.

3.6 Estimation of the Parameters in the Coefficient of Permeability Function for a

Swelling Porous Medium

According to the above discussion, there appear two versions of coefficient of

permeability functions for deformable, and either compressible or swelling, porous media

One is described in terms of the effective degree of saturation and void ratio, while the

other is formulated with respect to the void ratio and matric suction:

(3.17)

(3.28a)

[
a(e-eo)

][l)o+c(e-eo)][i..o+d(e-eO»)k = k lOb(e-eo) (ua - Uw)bo 10
w so

(ua -uw)

(3.28b)

There are eight parameters in these equations. They are (ua - uw)bo' kso' 00, A.o' a, b,

c and d. The first four parameters corresponds to a void ratio of eo while the others

represent the change in the first four parameters with respect to void ratio.

In both compressible and swelling cases, the parameters kso and b can be readily

determined from the log ks versus e relationship. The parameter, kso• is the saturated
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coefficient of permeability at a void ratio of eo' and b is the slope of the line, (.1logksol.1e).
The index, b, has a positive sign.

Similarly, the air entry pressure, (ua - uw)bo' and the slope, a, can be obtained from

the log (ua - uw)b versus e relationship for both compressible and swelling porous media

The parameter, (Ua-Uw)bo' is the air entry pressure at eo while a is the slope, [�.log(ua-Uw)b
/.1e], which has a negative sign. The parameter, (ua - uw)b' is estimated from the effective

degree of saturation versus matric suction curve (Brooks and Corey, 1964). It should be

noted that the effective degree of saturation must be the actual value, which is computed
based upon the actual volume of a soil at the particular matric suction under consideration.

Accordingly, the air entry pressure corresponds to the void ratio under consideration.

By defmition, the index, Ao' and the slope, d, should be estimated using the A

versus e relationship. The parameter, Ao is evaluated at a void ratio of eo and d is the

slope, (t1)Jile), which has a negative sign. The index, A, is the slope of the log S, versus

log(ua - uw) relationship at a constant void ratio. Therefore, it can be conveniently obtained

for a compressible (and non-swelling) porous medium. For a swelling porous medium,

however, the 10gSe versus log (ua - uw) relationship is a three-dimensional curve due to the

variable void ratio. The curve plotted on the coordinate of 10gSe and log(ua - uw) is actually

the projection of the three-dimensional curve onto this extreme plane. This projection is

mathematically represented by Eq. (3.35), which shows that the projection is a curve so

that the index, A, cannot be directly determined unless Eq. (3.35) is simplified. In order to

estimate A, it is assumed to remain approximately constant over a range from the air entry

pressure to the highest matric suction applied in a drying process. Experimental evidence

indicates that the change in the void ratio over this range is fairly small (Croney and

Coleman, 1954; Fredlund, 1964; Fleureau et al., 1993). Consequently, the change in the

index, A, should be fairly small. This implies that the assumption is reasonable and Eq.

(3.35) can be eventually simplified to the following form:
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10gSe = log 1 for (u -u ) < (u -u )ba 'IV
-

a 'IV 'P

logS, = Aave log(ua - uw)bo - Aave (1- aCm) log(ua - uw)

(3.41a)

(3.41b)

where: Aave = the average value of A for the range under consideration.

Based on Equation (3.41b), the slope of the simplified projection, A', can be

estimated. The average value of A for a range from the air entry pressure to the highest

matric suction can then be determined by:

A
ave

A'

l-aC
'"

(3.42)

where: A' == average slope of the simplified projection

C
m

== compressive index for the matric suction range

under consideration.

Theoretically, the index, 00 and the slope, c, can be determined from the 0 versus e

relationship. The index, 00, corresponds to eo and the slope, c, is equal to (t1.o/ile), with a

positive sign. By definition, the index, 0, is the slope of the relative coefficient of

permeability versus effective degree of saturation relationship (i.e., the logk, versus 10gSe

curve) at a constant void ratio. For a compressible (and non-swelling) porous medium, 0

can be easily obtained from this curve. The situation is different for a swelling porous

medium. The void ratio of the swelling porous medium varies during a drying process.

Consequently, the log k, versus log S
e
curve is three-dimensional. This implies that the log

k, versus log S, curve essentially is the projection of the three-dimensional curve onto the

extreme plane of log k, and log Se' Equation (3.37) represents this projection. It also

.b.d..': ............ J 110



__� __ ,_ .,�__ "'-';'_',o�= .

for S, = 1 (3.43a)

indicates that the index, (), cannot be directly obtained from the projection unless a

necessary simplification is made. Similarly, it is also assumed that the index, (), remains

approximately constant over a range from the air entry pressure to the highest matric

suction applied in the drying process. Based on this assumption, the equation for the

projection, Eq. (3.37) can be simplified as:

bC log(u -u) [be ]log k = log k + III a w bo
+ III

+ () log Sw so

(aC -1) A. ( C -1)
aile e

m aveam

for S, < 1 (3.43b)

where: Oave = average value of 0 for the range under consideration.

From Eq. (3.43b), the slope of the simplified projection, 0', can be obtained. oave
can then be determined based on the following relationship for the average void ratio of

the range under consideration:

(3.44)

where: 0' = average slope of the simplified projection.

Similarly, the logk, versus log(ua-uw) curve for a swelling porous medium is three

dimensional due to changes in void ratio. Therefore, the projection of this three

dimensional curve, Eq. (2.40), cannot be directly used to estimate the indices unless some

simplification is made. Based on the above assumptions for the indices, A. and 0, the

simplified projection for the curve represented by Eq. (3.40) can be formulated as follows:
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logk.., = logkso +b(e-eo) for (ua-uw) S; (Ua-Uw)bp (3.45a)

logk.., = logkso + AaveOave log(ua -U"')bo -[AaveOave(l-aCIII)+bCIII]log(ua -u..,)
(3.45b)

It is noted that the slope for the projection of the three-dimensional CUlVe onto the

log k, versus log (ua - uw) plane can be defined as index, 11', and that the product of the

indices, A ° , can be specified as the average pore size distribution coefficient, " On
ave ave

' lave'

the basis ofEq. (3.45b), the relationship between 11ave and 11' can be determined as:

(3.46)

where: 11' = average slope of the simplified projection

l1ave = average value of 1'1 for the range under consideration.

In accordtJIlce with the above definition for the pore size distribution coefficient,

the parameter, Dpve' can also be estimated using the average pore size distribution

coefficient, " �s follows:'lave'

° =
1'1ave

ave

A ave

(3.47)

3.7 Statistical IV10dels for Swelling porous Media

.. models were developed based on the assumption that the volume change
Statistical

. ge in matric suction can be ignored for a porous medium. Consequently,
induced by a chat'

. ... An for applying these models to a swelling porous medium. There are a

there IS a limitati"

_...
J
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L\e = ntlS + SL\n (3.48)

number of examples in the literature, which applied the models to swelling porous media

and gave abnormal results. In this section, the issue is discussed and the modified

statistical models for swelling porous media are derived, from both macroscopic and

microscopic standpoints.

3.7.1 Effect of Volume Change on the Pore Size Distribution

For a non-deformable porous medium, a change in the volumetric water content is

associated with a change in the degree of saturation so that both variables are equivalent

The situation is the same for a compressible (and non-swelling) porous medium as long as

the net normal stress remains constant. For a swelling porous medium, however, a change

in the volumetric Water content may be the result of a change in either degree of saturation

or porosity, or both. This change can be formulated as follows:

where: de ::::: increment of volumetric water content

6.S ::::: change in degree of saturation

dn ::::: variation of porosity.

In a statiSticallllodel, the soil-water characteristic curve is commonly referenced to

estimate the pore siZe distribution based on the capillary equation. In so doing, an

increment of the volurIletric water content, L\e, is considered to represent the relative pore

volume of the COl'tesponding radius. This implies that the desaturation of this pore volume

is the only contrib\ltioJl to L\e. It is no longer true for a swelling porous medium, in which

L\e consists of tw() colllponents, as presented in Eq. (3.48). In other words, the soil-water

.t.i.···t.' J
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IR",..n =
R. f(r)dr
IDOl

(3.49)

characteristic curve cannot be directly used to characterize the pore size distribution in a

swelling porous medium.

In a drying process for a swelling porous medium, the size of pores will reduce due

to the shrinkage. The reduction in the radii of the pores with various sizes may be

different It is reasonable to imagine that a large pore reduces more in volume than a small

pore. However, the change rate for a particular pore is too difficult to quantify. The

reduction in pore size happens whenever a volume change occurs, regardless of whether

the soil is saturated or unsaturated. By definition, the total void volume should be

represented by the porosity at any state. That is,

where: f(r) = frequency distribution for the radius of the capillary pore, r.

The pores will be desaturated gradually, from the largest to the smallest, due to the

applied matric suction. The soil-water characteristic curve thus embraces both components

so that it cannot be directly used to estimate the pore size distribution. However, the curve

has been inappropriately used in the literature to predict the coefficient of permeability for

swelling porous media Undoubtedly, abnormal results have been obtained for the

prediction of the coefficient of penneability in this type ofmedia.

3.7.2 Statistical Models for a Swelling PoroUS Medium

Following the idea for applying the macroscopic model to a deformable porous

medium, a correction factor, which accounts for the influence of void ratio, will be

introduced in this section to the statistical models for a swelling porous medium.
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In general, the coefficient of permeability is a function of void ratio when a soil is

saturated. However, a change in the volume of a saturated soil also produces a change in

volumetric water content; consequently, it is not a reliable variable to indicate the

saturation state for a soil. Therefore, the degree of saturation will be selected as the

variable instead Based on this concept, the coefficient of permeability can be expressed as

the product of two functions, one is in terms of the void ratio and the other in terms of the

degree of saturation. The log k, versus e relationship can also be used to describe the first

function herein. It is equivalent to the saturated coefficient of permeability for a non

deformable soil. Any of the statistical models can be used to describe the degree of

saturation function. However, a correction is needed because the model is referred to the

volumetric water content. On the other hand, experimental data show that a change in

void ratio over the range of suction from the air entry pressure to the highest matric

suction in a drying process is relatively small (Croney and Coleman, 1954; Fredlund,

1964; Fleureau er al., 1993). A typical representation is illustrated in Fig. 3.9. Based upon

these experimental data, the coefficient of permeability can be taken as a function of void

ratio alone when the matric suction is less than the air entry pressure (i.e., the saturated

case). If the matric suction is higher than the air entry pressure, the coefficient of

penneability can be expressed approximately as the following form:

(3.50)

where: ks(e) = saturated coefficient of permeability at void ratio e

k,(S) = relative permeability with respect to degree of saturation.

�s(e) can be formulated as Eq. (3.14) and kr(S) can be described using any of the

statistic� models Presented in Chapter 2, which assume that the volume of a soil remains

constant as the Illatric suction changes. Burdine's type of statistical model (Burdine, 1953;
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(3.51)

Mualem, 1986) (i.e., Eq. (2.49» is used here as an example and is discussed in detail.

Keeping in mind that the latest saturated volumetric water content is the value at which

the degree of saturation first becomes less than 100%, Eq. (2.49) can be rewritten as:

where: a's = saturated volumetric water content at the air entry pressure

c, J3 = empirical indices.

Equation (3.51) indicates that the statistical model is only applicable to matric

suctions higher than the air entry pressure while kr(S) remains at 100% for lower matric

suctions. Consequently, using Eq. (3.51) will significantly reduce the error induced by the

volume change. Replacing a by (SIn) yields:
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(Figure 3.9, to be continued)
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Figure 3.9 Volume-mass properties versus suction relationships for a swelling porous

medium, (a) e versus qJ, and (b) S, e and wversus qJ (Jossigny loam, data
from Fleureau et al., 1993).
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(3.52)

Assuming that the porosity, n, remains constant in this region, Eq. (3.51) can then

be rewritten as:

40
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(b)

(3.53)



(3.54)

Equation (3.53) is in terms of the degree of saturation versus matric suction curve

instead of the volumetric water content versus suction curve. The degree of saturation is

100% at a matric suction less than the air entry pressure. As a result, the above integral can

be extended to the whole range of the matric suction so that it is not necessary to specify

the location of the air entry pressure and the corresponding degree of saturation. Therefore,

Equation (3.53) is more straightforward than Eq. (3.51). When the residual water content

is taken into account, the effective degree of saturation for a porous medium should be

used so that it can be obtained as:

Eventually, a new type of statistical model for swelling porous media can be

obtained based on Eqs. (2.49), (3.50) and (3.54) as follows:

k = k lOb(e-eo) S� rS' dSe / r1 dSe
w so e Jo ( -u )2+a Jo (u -u )2+aUa w a w

(3.55)

Similarly, new statistical model can be derived from Marshall's type of statistical

model (Marshall, 1958; Mualem, 1986), Eq. (2.48), as:

where: �. = dummy variable of integration representing Se'

,,--�' \ '"
, IIIJ-.r A \
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For Mualem's type of statistical model (Mualem, 1978; 1986), Eq. (2.50), the

modified form can be given as:

k: = k 10b(e-e,,) S13N[ rS' dSe /ls, dSe ]2w so e Jeo ()l+aN l+«NU -u 0 (u -u )a W a W

(3.57)

3.7.3 Estimation of the Effect ofVolulne Change in a Microscopic Manner

If the void ratio changes significantly between the air entry pressure and the

highest matric suction in a drying process, the modified statistical models described above

may still produce considerable error for the coefficient of permeability. It would be very

helpful if the pore size distribution of the soil at any void ratio were readily known.

Unfortunately, such a pore size distribution is too difficult to quantitatively define. The

most practical way is to estimate the pore size distribution from the soil-water

characteristic curve. However, the volumetric Water content includes both changes in the

total volume and the degree of saturation so that it cannot be directly used for this

purpose. It should be a better alternative to USe the degree of saturation versus matric

suction curve instead.

Assuming that the degree of saturation versus matric suction curve is divided into

m portions, each portion has the same interval, t1S. There is an average porosity, an

average matric suction and an average radius, corresponding to the midpoint of each

portion. The average porosity and radius for eaCh portion, however, are changing with the

matric suction. For the ith section, the matric suction, (ua � uW)j' is fixed. The porosity at the

fixed matric suction can be specified as nj. The radius at the fixed matric suction, rii' can

be determined using the capillary equation. If the matric suction increases from (ua - Uw)j.l

to tu, - uw)j' the pores with radius rii will be desaturated. At the same time, the volume of
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the volume for each pore grade remains unknown. In addition, the reduction in radii is not

understood. One thing is clear, the sum of the volumes of all pores should be contribute

to the porosity at any stage of the drying process, as described in Eq. (3.49).

Let it be assumed that the reducing rate in the areal representation of the porosity

for each pore grade is the same, from the largest to the smallest pores, regardless of

whether it is water-filled or air-filled. This is equivalent to assuming that the reducing rate

in pore radius is the same for all of the pore grades. Or it is equivalent to assuming that the

reduction in pore radius is proportional to the volume of each pore. As a direct result, the

fraction of the pore volume for each pore grade to the total void volume is the same at any

stage of the drying process. Based on this assumption, it can be shown that:

the soil changes and the size of the pores will reduce. The outflow water volume consists

of two components, namely, the volume of pores with radius rii, (ni�' and the volume

change in the water-filled pores, [S(ni_l - ni)]· The number of the pores with radius rii can

be defined as (nib.Sl1tri?)· Apparently, for a fixed matric suction, (ua - uW)i' the soil has a set

Const (3.58)

where: N, = number of the pores with radius rii

ru
= pore radius for the ith grade at the [th stage.

Using the concept that the sum of the volumes of all the pores contribute to the

porosity at any stage and the result that each pore grade has the same fraction of entire

pore volume, it also follows that:
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For a particular pore radius, there are m different sizes, corresponding to m stages

of the drying process. The question is, at which stage can the pore radius be estimated

using the capillary equation? The answer is that the radius for the z"tll grade can be

determined at the ilh state since only the z"th grade of pores is desaturated at the z"th stage.

This means that 'ii can be calculated as follows:

where: Ts = surface tension of the wetted fluid

6c = contact angle between the fluid and the surface of the tube

(ua - uW)i = matric suction for the midpoint of the z"th stage.

Consequently, the degree of saturation versus matric suction curve can be used to

estimate the pore size distribution for a swelling porous medium. The direct result,

however, is that a Set of radii, '11' '22' ... , rmm: can be obtained. For the [th stage, the pore

size for each grade can be estimated using Eq. (3.59):

(3.61)

Based on Marshall's (1958) formula, Eq. (2.40), and using Eqs. (3.60) and (3.61),
amodified formula can be obtained for a swelling porous medium as follows:
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(3.62)

where: kW(S)1 = coefficient of permeability at the i'th stage

nl = porosity at the [1h stage

m = 1/1lS, total number of intervals

I = SIllS, number of intervals corresponding to S at the [1h stage

(ua - Uw)i = matric suction corresponding to the midpoint of the z"th interval.

Theoretically, it appears that Eq. (3.62) is only effective for matric suctions equal

to and beyond the air entry pressure. Practically, it can be extended below the air entry

pressure where the degree of saturation remains at 100% while the porosity changes due

to shrinkage, as long as the porosity nl in Eq. (3.62) is replaced by the actual porosity at

the stage under consideration. To check the applicability of Eq. (3.62), two saturated

stages, the J'th and the k!h, are considered. The saturated coefficient of permeability for

these two stages can be given as follows, respectively:

(3.63)

(3.64)

Notice that nj and nk are constant and comparing Eq. (3.63) to Eq. (3.64), it can be

found that:
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kw(S=l )j
kw(S=l)k

(3.65)

Equation (3.65) indicates that the saturated coefficient of permeability for a

swelling porous medium is theoretically proportional to the cube of the porosity.

Experimental data have been shown in the literature to support a ks versus [e3j(l+e)] linear

relationship (as described in Chapter 2). The data can also be used to support an

approximately linear ks versus n3 relationship. Therefore, it would be concluded that the

modified formula for a swelling porous medium, Eq. (3.62), is applicable to a limited

range of change in the porosity.
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CHAPTER 4

LABORATORY PROGRAM

4.1 Introduction

A laboratory program was developed in order to further understand the coefficient

of permeability function for a deformable porous medium. The objectives of the proposed

program were:

1. To build a triaxial permeameter which can measure the coefficient of

permeability for an unsaturated soil at particular volume-mass properties (i.e., void ratio

and degree of saturation) using the steady-state, controlled head method.

2. To determine the soil-water characteristic curves for a silty soil at different

initial void ratios using pressure plate apparatuses.

The laboratory program is described in this chapter. The selection of the soil for

testing is first discussed The development of equipment is then introduced, followed by an

outline of the testing procedures. The relevant testing program is then presented. All the

tests were conducted in the Soil Mechanics Laboratory at the University of Saskatchewan.

4.2 TestingMaterial

An appropriate soil had to be selected to investigate the coefficient of permeability

for a deformable soil. The selection of the soil was based on the following considerations:
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1. The soil had to have a relatively low air entry pressure and had to desaturate

below 100 kPa of matric suction. It was necessary to establish a continuous air phase in

the specimen under manic suctions of 100 kPa.

2. The coefficient of permeability for the soil had to reduce to a relatively low

value at a matric suction of 100 kPa. However, it could not be too low to be measured.

3. The soil had to exhibit measurable volume changes upon loading in order to

produce a Significant change in void ratio.

A sand soil has a low air entry pressure and a relatively high saturated coefficient

of permeability. However, it desaturates rapidly as matric suction increases so that its

coefficient of permeability decreases sharply and cannot be measured at high matric

suctions. Furthermore, a sand does not deform significantly upon loading.
On the other extreme, a clayey soil has a high air entry pressure and may not start

to desaturate at matric suctions of 100 kPa. However, a clayey soil deforms appreciably

upon loading. The coefficient of permeability for a clayey soil is quite low and difficult to

The characteristics of a silty soil lie between those of a sand and a clay, and thus is

a good alternative. Therefore, a silt was selected as the material for testing in this

laboratory program.

measure.

4.2.1 Properties of the Testing Soil

A Silty soil from a Saskatchewan Department of Highway pit was selected as the

soil for teSting. The silt was previously used by Rahardjo (1990) to study pore pressure

and volume change behaviors during undrained loading and consolidation. The index

propenies of the soil are given in Table 4.1. Further detailed results can be found in

Rahardjo's (1990).
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All the experiments in the proposed program were conducted on initially slurried

specimens. The results for consolidation tests on slurried specimens are tabulated in Table

4.2. The coefficients of volume change and the saturated coefficient of permeability vary

considerably with respect to the consolidation pressure. The detailed results are listed in

Appendix A.

Table 4.1 Index properties of the testing soil (from Rahardjo, 1990)

Soil Saskatchewan Department ofHighwav Pit Soil

Location South Half 13-18-18-W2

Natural water content 0.86 %

Sand - 52.5 %

Silt - 37.5 %

Grain size distribution Clay - 10.0 %

DIO -0.OO2mm

D30 - 0.02mm

D60 -0.09mm

Coefficient of uniformity CII =
D(iJ

= 45
DlO

D2
Coefficient of curvature < =

30
= 2.22

DlOD(iJ
Liquid limit, WL = 22.2 %

Atterberg limits Plastic limit, Wp = 16.6 %

Plasticity index, PI = 5.6 %

Specific zravitv G, = 2.68

Unified soil ML - inorganic silts and very fme sands, rock flour, silty
classification system or clayey fine sands or clayey silts with slight plasticity

The particle size distribution curve for the original soil is shown in Fig. 4.1

(Rahardjo, 1990). However, the soil used in this research was passed 2 mm sieve. Palling

.b.l.J.b� � 126



Table 4.2 Consolidation results for saturated slurried specimens

head and steady-state, controlled head permeability tests were conducted on saturated

specimens which were consolidated to different void ratios. The results are shown in Figs.

4.2 and 4.3, respectively. The detailed results are also documented in Appendix A.

Initial void ratio, eo 0.718

Initial water content, w, (%) 26.8

Compression index, Cc 0.025 - 0.108

Coefficient of compressibility, a; (kPa-1) 5.63xlO-5 - 3.31xlO-3

Coefficient of volume change, m; = a; 1(1 + e) (kl'a') 1.08xlO-4 - 1.26x10-2

Swelling index, C, 0.0061

Coefficient of consolidation, C, (m2/s) 4.72x10-5 - 7.31x1Q-2

Time for 90 % consolidation, t90 (min) 1.2 - 4.5

Coefficient of permeability at saturation, k, (m/s) 2.36xlO-8 - 4.36xlO-9

100
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Figure 4.1 Particle size distribution curve for the testing soil (from Rahardjo, 1990).
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4.3 Equipment Development and Modification

Conventional soil testing equipment was used whenever possible in the laboratory

program. In order to measure the coefficient of permeability for an unsaturated soil,

however, special equipment had to be developed. The special design requirements and the

unique features of the equipment used in the laboratory program are presented in detail in

this section.

4.3.1 Triaxial Permeameter System

The triaxial permeameter cell developed for this test program is a modification of

the stress controlled isotropic cell developed by Ho (1988). The original cell was used to

investigate the deformation of unsaturated soils during changes in matric suction. The cell

was modified in order to measure the coefficient of permeability for an unsaturated soil. A

triaxial permeameter system was established by modifying the original cell and adding an

appropriate set of instrumentation.

4.3.1.1 Requirements for the Triaxial Permeameter System

The triaxial permeameter cell system had to have the ability to control and measure

independently the total stress, 0', the pore-air pressure, ua' and the pore-water pressure,

uw' This ensured that the stress state variables within the specimen are well defined. The

experimental range of matric suction, (ua - uw), was limited from 0 to 100 kPa. The

experimental range of net normal stress, (0' - ua), was zero to 400 kPa.

The system had to accommodate the application of a hydraulic gradient to the

testing specimen in order to permit the measurement of the coefficient of permeability of
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the specimen. The differential head applied to the specimen had to be precisely measured

due to its direct effect on the accuracy of the coefficient of permeability computation.
The system had to accommodate the accurate measurement of the inflow water

and outflow water volumes . The precision of the flow water volume measurements is

crucial for permeability measurement. The leakage from the system had to be small. A

significant amount of leakage introduces a large error in the measurements of water

volume due to the long period of the experiments.

The system had to be capable of flushing out diffused air bubbles and to

accommodate the measurement of the volume of this diffused air. The accuracy of the

flow water volume measurements is influenced significantly by the diffused air volume.

The system also had to accommodate the measurement of the change in the total

volume so that the current volume at the specimen of any stage would be known. This is

particularly important when the specimen becomes unsaturated and the change in total

volume cannot be calculated from the inflow and outflow water volumes.

4.3.1.2 Description of the Triaxial Permeameter Cell

A triaxial permeameter system was developed according to the above

requirements. The general assembly of the triaxial penneameter cell is shown in Fig. 4.4.
The cell consists of a steel cylindrical cover, an aluminum base plate and an aluminum

loading cap. The steel cylindrical cover for the cell remained the same as the original

design (Ho, 1988). Its dimensions are shown in Figs. 4.5 and 4.6. The cover is 5.18 mm

thick and capable of sustaining a confming pressure up to 1,500 kPa.

The base plate was modified from the original plate designed by Ho (1988), as

shown in Fig. 4.7. The original base plate used a 6.35 mtn thick, 90.0 rnm diameter, 1,500
kPa high air entry disC. This high air entry disc was replaced by a 10.13 mm thick, 90.0
rnm diameter, 100 kPa high flow high air entry disc. There were tWO reasons for this
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transducer

Stand for the lateral
strain transducer

Vent
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transducer

Stand for the vertical
strain transducer
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Cell pressure line

•

Strain transducer O-ring High air entry disc Aluminium foil

Figure 4.4 General assembly of the triaxial permeameter cell (modified from Ho, 1988).
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Figure 4.5 Cross section of the stell cylindrical cover for the triaxial
permeameter (from Ho, 1988).
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I I I I I

*All dimensions in millimeters

Figure 4.6 Top view of the stel] cylindrical cover for the triaxial
permeameter (from Ho, 1988) .
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Figure 4.7 Aluminum base plate of the triaxial penneameter (modified from Ho, 1988).
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modification. (i) The lower the air entry pressure, the higher the coefficient of permeability
the disc. A higher coefficient of permeability ensures more rapid equilibration times and a

higher precision in the measurement of coefficient of permeability. (ii) The diffused air

volume from the specimen to the pore-water pressure control system decreases with an

increase in the thickness of the high air entry disc (Fredlund and Rahardjo, 1993a).
A commercial glue named "Epoxy 907" was used to seal the high air entry disc

onto the base plate. The high air entry disc used in this test program was thicker than that

originally used by Ho (1988) so that there was a deficiency in the height of the pedestal.

The deficiency, however, was also supplemented by this commercial glue. As a result, the

height of the pedestal became 21.88 mm, higher than the original design.

In order to apply a total stress to the specimen, a new aluminum loading cap was

designed and built. The detailed design for the loading cap is shown in Figs. 4.8 and 4.9. A

10.13 mm thick, 88.0 mm diameter, 100 kPa high flow high air entry disc was also sealed

onto the loading cap. A 2.0 nun wide and 2.0 mm deep groove was designed for applying

the pore-air pressure to the specimen. Aluminum was selected as the material for the

loading cap instead of stainless steel because steel is too heavy and would add a

considerable extra vertical stress to the specimen.

The pore-air pressure was applied through the pore-air pressure line (i.e., P. A. P.

line in Fig. 4.4) to the pore-air pressure groove on the loading cap (i.e., P. A. P. groove in

Fig. 4.9). A uniform pore-air pressure can thus be established within the specimen.

In order to obtain a hydraulic gradient across the specimen, the pore-water

pressures applied to the upper and lower ends of the specimen were set to different values.

Both the pedestal and the loading cap had a pore-water pressure line (i.e., P. W. P. lines in

Fig. 4.4) so that the pore-water pressures applied to both ends could be controlled

independently. The differential pressure (or head) applied across the length of the

specimen could induce a non-uniform pore-water pressure distribution when the specimen

was unsaturated. According to the unsaturated flow theory, the distribution of the pore-

•••d..".,_ .\ 135



o
u;
....

Make attachment for 3.18 mm
male pipe thread (10.16 mm 0.0.)

P. A. P.line Upper P. W. P.line

,89.6
, 101.6

Glue seal P. A. P. groove

High air entry disc Spiral flushing groove

o 50mm

•All dimensions in millimeters

Figure 4.8 Front view of the loading cap for the triaxial penneameter .

.•.,'.,...---.•�
136



P. A. P.line Upper P. W. P. line
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Figure 4.9 Bottom view of the loading cap for the triaxial penneameter.
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water pressure in this case might not have been linear. However, the differential heads

used were in a range of 3 to 4 kPa. This, in turn, produced an approximately linear pore
water pressure distribution within the specimen. As a result, the distribution for the

corresponding matric suction within the specimen was approximately linear.

The spiral flushing grooves on both the pedestal and the loading cap were designed

to flush out air bubbles that might have been trapped or accumulated as a result of

diffusion (Figs. 4.4 and 4.9). Accumulated air bubbles in the pore-water pressure lines

produce error in the measurements ofwater volume and the water pressure measurements.

In addition, these spiral grooves can also expedite the application of the water pressure to

the specimen.

The deformation of the specimen during a flexible wall permeability test was

measured using a "non-contacting displacement measuring system" manufactured by the

Kaman Sciences Corporation at Colorado Springs, Colorado (Ho, 1988). As shown in

Fig. 4.4 and 4.10, two of the non-contacting strain transducers were laterally arranged to

measure the change in the diameter while the third was installed vertically to monitor the

change in the height of the specimen. For the laterally placed transducers, the aluminum

foil targets were attached to the rubber membrane opposite the transducers using a thin 0-

ring. For the vertically installed transducer, the aluminum foil target was laid on the

bottom of a downward placed porcelain cup, which was glued on the top of the loading

cap using a commercial silicon rubber sealant. The aluminum targets were made from four

folds of heavy duty commercial aluminum foil, 8 x 10-3 rom thick and 20 x 20 mm in area.

The measuring system was based on the eddy-current loss principle between the

conductive surfaces of the aluminum targets and the electronic transducers. As the

conductive surface moved closer to the transducer, more eddy currents were generated

and the losses within the bridge circuit of the oscillator demodulator became greater.

These impedance variations were converted to a DC voltage. The lateral deformations

.m.-d.t....
"--

__

" ..

_••\ 138
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Figure 4.10 Schematic layout for the strain transducers inside the triaxial
permeameter cell (modified from Ho, 1988).
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were combined with the vertical deformation so that the change in the total volume of the

specimen could be measured continuously.

4.3.1.3 Plumbing Layout for the Triaxial Permeameter System

A general board of plumbing was required to support the operation of the triaxial

permeameter cell. As shown in Fig. 4.11, a total of six lines were connected to the triaxial

permeameter cell. The upper pore-water pressure line was designed to control the pore

water pressure at the upper end of the specimen. It originated from the air pressure

supply. The air pressure was controlled by the pressure regulator C and then transferred to

water pressure within an air/water tank. The water pressure was then transmitted through

the upper volume change indicator. After crossing the high air entry disc on the loading

cap, it was finally applied to the upper end of the specimen.

Similarly, the lower pore-water pressure line was designed to control the pore

water pressure at the bottom of the specimen. It also originated from the air pressure

supply, however, the air pressure was controlled by the pressure regulator D. The air

pressure was converted to water pressure using an air/water tank. The water pressure was

then transmitted through the lower volume change indicator. It eventually reached the

bottom of the specimen after crossing the high air entry disc on the base plate.

The water pressure at the lower pore-water pressure line was monitored using a

pressure transducer (Fig. 4.11). The differential pressure applied to the top and bottom of

the specimen, however, was measured by a highly accurate differential pressure transducer

manufactured by Instruments Division, Bell & Howell Corporation (Sold by Servo

Systems Corporation, Montville, N.J.). It has a range of±14 kPa and a resolution of 0.015

kPa (i.e., 1.5 mm of water column). The water pressure at the upper pore-water pressure

line was obtained by combining the pressure measurements at the lower pore-water
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pressure line and the measurements of the differential pressure. To ensure an accurate

measurement, the differential pressure transducer was placed in a horizontal orientation.

The direction of the water movement during the consolidation process, the

equilibrium process, and during the measurement of the coefficient of permeability is

shown in Fig. 4.12. This figure also shows the path along which the upper and lower pore

water pressures were applied.

Two conventional twin-burette volume change indicators were installed in upper

and lower pore-water pressure lines, respectively, in order to permit the measurement of

the inflow and outflow water volumes. Small-bore burettes with a volume of 10 em? and

0.02 em! resolution were used as the central tube for the volume change indicators.

The inflow and outflow water volumes induced changes in the elevations of the

water/kerosene interfaces within the volume change indicators. These changes

consequently produced a change in the differential pressure applied to both ends of the

specimen due to the difference between the densities of the water and the kerosene (Haug,

1993). At the beginning of a permeability measurement, the differential pressure (or head)

was set to an initial value using regulators C and D, which were located on the upper and

lower pore-water pressure lines, respectively. As the water flowed through the specimen,

the water/kerosene interfaces were moved so that the differential pressure applied to both

ends of the specimen was eventually changed. Therefore, the differential pressure

transducer was not only used to measure the initial differential pressure but also to

monitor the change in the differential pressure induced by change in water volume in the

burettes. In addition, the differential pressure transducer could be used to monitor the

change in the differential pressure induced by fluctuations in the applied pore-water

pressures. Fluctuations in pore-water pressures might occur sometimes due to the

variations in the air pressure supply.

The pore-air pressure was controlled using the pore-air pressure line. The air

pressure is obtained from the air pressure supply using regulator A. Before it was applied
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to the triaxial permeameter cell, the air pressure was stored in a tank and monitored by a

pressure transducer. The air eventually arrived at the pore-air pressure groove on the

loading cap. The pore-air pressure in the specimen was uniformly distributed. A flow of air

was not used due to the concern that a flow of air might transport moisture out of the soil

specimen.

The cell pressure was applied by the cell pressure line and was obtained from the

air pressure supply using regulator B. The air pressure was then stored in a tank and was

eventually transmitted to the triaxial cell. The cell pressure was monitored by a pressure

transducer mounted on the cell pressure line. In a flexible wall permeability test, the cell

pressure acted as a confining pressure on soil specimen. In a rigid wall permeability test,

however, the cell pressure acted as a vertical pressure that was applied through the

loading cap.

Both the upper and lower flushing lines were designed to flush out the diffused air

in the pore-water compartments on the loading cap and base plate. The diffused air

bubbles would decrease the coefficient of permeability of the high air entry discs. Most

importantly, the diffused air would add error to the measurements of the inflow and

outflow water volumes and, therefore, would directly influence the permeability

measurements. The direction of the water movement during a flushing process is shown in

Fig. 4.13. A hydraulic gradient was applied from the corresponding pore-water pressure

line. The flow of water bypassed the volume change indicator and flowed directly into the

water pressure compartment. Through the spiral flushing grooves on the loading cap or

the base plate, the diffused air bubbles were flushed out from the pore-water pressure

compartments into the diffused air volume indicators.

The design of the diffused air volume indicator is shown in Fig. 4.14 (Fredlund,

1975). Two indicators were installed to collect the air bubbles flushed out from the upper

and lower pore-water pressure compartments, respectively. In addition, the volume of the

diffused air bubbles could be measured using the graded Central burette in the diffused air
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volume indicators. The measured flow water volume, combined with the measured

diffused air volume, allowed the inflow and outflow water volumes to be calculated.

Air supply

Pressure
transducer

Lucile cylinder
(80 mm diameter)

Lucite exit
tube

Triaxial cell
or

oedometer
apparatus

Graduated
glass burette --+-+-1..._

(10 crrr')

Constant water
pressure _ ___t-J""""'_----'__.J">-

Material : lucite

Brass
threaded sleeve

___J
I

57.2 mm

1

Scale

0.0 25 50 75 100 mm

Figure 4.14 Diffused air volume indicator (from Fredlund, 1975).

The pressure transducers, along with the strain transducers used in a flexible wall

permeability test, were connected to a data acquisition system assembled at the

Engineering Shop in the University of Saskatchewan (Rahardjo, 1990). Data were

recorded and stored in a floppy disk using a microcomputer and "Notebook" software,

which is an interface program produced by Laboratory Technologies Corporation,

Wilmington, MA. In addition, pressure and deformation data were displayed on the

monitor for observation during the tests. The burette readings were taken manually.
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4.3.2 Description of the Pressure Plate Cell

pressure plate cells were used in this laboratory program in order to establish the

soil-water characteristic of the testing soil. The pressure plate cells were designed by Gan

(1991) and built by the Engineering Shop. The cross section of the pressure plate cell is

presented in Fig. 4.15. It is a modification of the Tempe pressure cell manufactured by

Soilmoisture Equipment Corporation, Santa Barbara, CA. The modified pressure plate cell

improves on the Tempe pressure cell in two ways: (i) the maximum matric suction is

increased from 100 up to 300 kPa; and (ii) a spiral flushing groove was designed to flush

out the diffused air bubbles beneath the high air entry disc so that the error induced by the

diffused air can be eliminated. The details of the design for the top and base plates as well

as the retaining cylindrical wall are shown in Figs. 16 to 18, respectively.

A plumbing layout for the pressure plate cell tests is illustrated in Fig. 4.19. It

consists of an air pressure line and a diffused air flushing line. The air pressure applied to

the cell was obtained from the air pressure supply using a pressure regulator. The air

pressure was controlled by a pressure gauge with a capacity of 400 kPa and a resolution

of 2 kPa. The water pressure, however, remained the same as the atmospheric pressure

(i.e., 0 kPa). Quick connectors were used to connect the cells to the air pressure line so

that the cell could be conveniently disconnected from the air pressure line and then

weighed on an electronic balance with a capacity of 3,000 g. A flushing line was

established to flush out the diffused air bubbles beneath the high air entry disc. A hydraulic

gradient was required to force the water to flow through the spiral flushing groove on the

base plate and thus to flush out the diffused air bubbles. The accuracy of the mass of water

removed from the soil was increased by flushing out the diffused air. The hydraulic

gradient could be obtained by keeping a positive pressure in the air/water tank. The

pressure was applied to the inlet for the flushing line while the outlet line was left open to

_---
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Figure 4.15 Cross section of the pressure plate cell.
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Figure 4.16 Aluminum top plate of the pressure plate cell.
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150



� 83.2

� 82.4

� 70.0 · i I

o
ci
(0

Figure 4.18 Lucite cylindrical wall of the pressure plate cell.

o 50 mm

I I I I I I I I I I J

• All dimenstions in millimeters

151



To air pressure supply

Pressure regulator

Flushing water
reservoir

Figure 4.19 Plumbing layout for the pressure plate cell tests .

Pressure gauge

Air pressure line

Flushing line

Pressure plate cells

® Shutoff valve

.•� 152

Air

Water



4.3.3 Performance of the Triaxial Permeameter System

the atmosphere. The positive pressure could be obtained either from the air pressure

supply or from a manual pressure supply. The manual pressure supply could be obtained

by applying pressure to a flexible plastic bottle (i.e., the air-water tank) continuously. The

pressure produced in this way was usually high enough for flushing purposes.

The triaxial permeameter system was fully calibrated prior to testing. All of the

transducers, including the pressure transducers, the differential pressure transducer and the

strain transducers were calibrated carefully. The air entry pressure and the coefficient of

penneability for the high air entry discs were also measured. The calibration data for the

various transducers are presented in Appendix B.

Considerable effort was extended to observe and eliminate the leakage from the

triaxial permeameter system. A three month period of observations concluded that there

was little leakage from the plumbing lines which were located outside the triaxial

permeameter cell. For the plumbing lines within the cell, however, there was a small

leakage even with silicon rubber sealant applied as a seal to the connection joints.

Fortunately, the air leakage from the joints inside the cell could be flushed out and could

be measured as being the same as the diffused air from the high air entry discs. The main

leakage, however, came from the gaps between the rubber membrane and both the cap and

the pedestal. Observations made under a differential pressure of 200 kPa (i.e., 230 kPa cell

pressure and 30 kPa pore-water pressure) showed that the leakage was in a range of 0.14

to 0.25 cm3/day when tight O-rings (i.e., O-rings with an initial average diameter of 50

mm) were used. The details of the measurements made during the leakage tests are

documented in Appendix B.

The air leakage due to the difference in the cell air pressure and the pore-air (or

pore-water) pressure directly affected the accuracy of the inflow and outflow water
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volume measurements when the specimen was in a saturated state. However, the effect of

this air leakage was reduced considerably when the specimen became unsaturated. The

reason for this is that new air channels had developed when the matric suction exceeded

the air entry pressure of the specimen. The air leakage from the cell would then mix with

the air within the specimen and would tend to increase the pore-air pressure. On the other

hand, the pore-air pressure was controlled and maintained at a constant value. As a result,

the leakage of the air neither affected the flow water volumes nor the matric suction when

the specimen was unsaturated. For the saturated case, the influence of the air leakage was

small since the duration of the permeability measurements was only in the order of two

hours. The leakage was in the order of 0.02 em", This amount of leakage had only a slight

influence on the accuracy associated with the measurements of water volume and was

neglected.

In general, the developed triaxial permeameter system had a small amount of air

leakage and the influence of the leakage could be ignored. The observations concluded

that the triaxial permeameter system performed well and was reliable for measuring the

coefficient of permeability for a saturated soil to 5 x 10-11 mis, with a 36% error. The detail

result can be referenced to Appendix B. However, for an unsaturated soil, in which there

are some continuous air channels, the measurable coefficient of permeability should be

much lower than 5xl 0-11 mls due to the reason given previously.

4.4 Testing Procedures

The axis-translation technique (Hilf, 1956) was used in all of the tests in this

laboratory program. In general, three types of tests were performed in this program:

flexible wall triaxial permeability tests, rigid wall triaxial permeability tests and pressure

plate cell tests. The axis-translation technique and the procedures associated with these

three types of tests are presented in each of the following sections.
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4.4.1 Axis-translation Technique

In a field condition, an unsaturated soil has a negative pore-water pressure while

the pore-air pressure remains the same as the atmospheric pressure if both the water and

air phases in the soil are continuous. The matric suction is, therefore, equal to the absolute

value of the negative pore-water pressure, in accordance with the definition of the manic

suction, (ua - uw).

In the laboratory, however, high values of negative pore-water pressure are

difficult to simulate. Water in the measuring or controlling system may start to cavitate

when the water pressure approaches -1 atmospheric pressure (i.e., -101.3 kPa) (Fredlund

and Rahardjo, 1993a). The continuity of water in the pore-water pressure measuring or

controlling system may be disrupted by the air bubbles induced by cavitation.

In order to prevent this situation, the axis-translation technique is commonly used

in the laboratory testing of unsaturated soils. The procedure involves a translation of the

pore-air pressure. The pore-water pressure can then be referenced to a positive air

pressure (Hilf, 1956). By raising the pore-water and pore-air pressure in the same amount,

the negative pore-water pressure can be translated to a positive pore-water pressure while

the difference in the two pressures or the matric suction in the soil specimen remains

constant. The applicability of this technique has been verified by null-type tests (Hilf,

1956; Bishop and Donald, 1961; Fredlund andMorgenstern, 1977).

The use of the axis-translation technique cannot prevent the air in the specimen

from diffusing to the pore-water pressure measuring or controlling system (i.e.,

compartment). As the test progresses, air in the specimen gradually diffuses through the

water in the high air entry disc and gathers as occluded air bubbles in the compartment

side of the disc. The volume of the diffused air bubbles is appreciable, particularly in a

long-term test. A diffused air volume indicator must be connected to the water pressure
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system in order to flush out and collect the diffused air, and then to measure its volume.

This is extremely important in the flow water volume measurements in a permeability test

4.4.2 FlexibleWall Triaxial Permeability Tests

The flexible wall triaxial permeability tests were conducted in order to measure the

coefficient ofpermeability at different net normal stresses and matric suction levels. In this

type of test, the total volume change was measured using three strain transducers (Fig.

4.10). The coefficient of permeability as a function of void ratio and matric suction can,

therefore, be obtained from this type of test.

The higb air entry discs in the triaxial permeameter were completely saturated and

their coefficients of permeability were measured using the falling head permeability test.

Slurried specimens were then assembled into the triaxial permeameter cell using a specially

designed sampler as illustrated in Fig. 4.20. The procedure used to assemble the specimen

was similar to that used in a conventional triaxial test for cohesionless soils. The assembly

for a flexible triaxial permeability test is shown in Fig. 4.10. After the specimen was

properly assembled, the following procedure was followed:

(1) A desired confining pressure was isotropically applied to the specimen. The

specimen was then consolidated under the confining pressure. The total volume change

during consolidation was measured using the volume change indicators and strain

transducers.

(2) The saturated coefficient of permeability was measured by applying a

differential head to both ends of the specimen and monitoring the inflow and outflow

water volumes. A differential head was applied simultaneously in order to maintain an

approximately constant stress state in the specimen. The readings for the inflow and

outflow volumes were regularly taken from the volume change indicators. Once the

difference betWeen the inflow and outflow water volumes was small (e.g., 5% of the
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Figure 4.20 Sampler for the flexible wall triaxial permeability tests.
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average flow volume), the consolidation was considered to be complete. The saturated

coefficient of permeability could then be calculated using the data obtained during the

corresponding time interval.

(3) The matric suction was then increased while the net normal stress was

maintained constant. In order to ensure a monotonic loading, both the pore-air pressure

and the confining pressure were increased gradually and simultaneously by the same

amount.

(4) The specimen was allowed to desaturate under the applied matric suction. A

differential head was also applied to both ends of the specimen at the same time. The total

volume change and the inflow and outflow water volumes were monitored and regularly

recorded. Once the difference between the inflow and outflow water volumes for a

particular time interval was small (e.g., less than 5% of the average flow volume in the

corresponding period), the specimen was considered to be at equilibrium under the applied

matric suction. The data during this particular period could then be used to calculate the

coefficient of permeability at the applied matric suction. However, the volume of diffused

air had to be regularly flushed and measured. Appropriate corrections were then applied to

the inflow and outflow water volumes to ensure a high accuracy for the permeability

measurements.

(5) Steps (3) and (4) were repeated at higher matric suction values in the same

specimen until the matric suction became 90 kPa, which was 10 kPa lower than the air

entry pressure of the high air entry discs in the permeameter.

The above procedure was used for six different samples which were subjected to

six differing confining pressures. Approximately four weeks was required to test each

sample.

The test results revealed that the total volume change of the consolidated specimen

was not significant and could be neglected, particularly under high confining pressures. In

addition, the lateral deformation was not uniformly distributed in the isotropic
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4.4.3 RigidWall Triaxial Permeability Tests

consolidation case. The middle section of the specimen deformed the most while both ends

deformed little due to the friction of the loading cap and pedestal. The situation was worse

at high confining pressure. For these reasons, a rigid wall triaxial permeability test was

adopted in a later stage of the laboratory program.

The rigid wall triaxial permeability tests were conducted in a later stage of the

laboratory program to prevent non-uniform lateral deformation in the specimen. The total

volume change during the application of matric suction was no longer measured and was

considered to be insignificant. As shown in Fig. 4.21, a stainless steel sample ring was

designed to perform as a rigid wall for the specimen. The sampling of the slurried

specimen became more convenient with such a sample ring. The assembly for a rigid wall

triaxial permeability test is presented in Fig. 4.22.

The testing procedure for the rigid wall triaxial permeability tests was the same as

that for the flexible triaxial penneability tests. However, the specimen was one

dimensionally (Ko) consolidated and the applied stress state variables were, therefore,

different from those of a flexible type. In addition, the total volume change during the K,

consolidation was measured using Only the volume change indicators. About three weeks

was required for each test.

4.4.4 Pressure Plate Cell Tests

The pressure plate cell tests were conducted in order to obtain the soil-water

characteristic curves at different initial void ratios for the slurried specimens. The curves

are of importance for indirectly estimating the coefficient of permeability function of an

unsaturated soil.
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Figure 4.21 Sample ring for the rigid wall triaxial permeability tests.
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Figure 4.22 Schematic layout for the rigid wall triaxial permeability test.
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The initially slurried specimens (three in a group) were assembled in stainless

sample rings and then consolidated one-dimensionally under the same consolidation

pressures as used in the triaxial permeability tests, using a conventional oedometer. The

specimens were removed to the pressure plate cells after they have been completely

consolidated. The high air entry discs in the pressure plate cells were saturated. The

assembly for a pressure plate cell test is shown in Fig. 4.15.

After the specimens were properly assembled into the pressure plate cells, they

were allowed to equilibrate under 1 kPa matric suction. The overall masses for the cells

were measured regularly until a nearly constant mass was approached for each cell. The

procedure was then repeated at higher applied matric suction values. However, the

pressurized air inside the cells and the diffused air bubbles beneath the high air entry discs

may add an error up to 0.5 g to the overall masses of the cells. Therefore, the diffused air

bubbles were flushed out and the air pressure inside the cells was then set to zero before

the final readings for an applied matric suction were taken. The maximum matric suction

used in this type of tests was 280 kPa, 20 kPa less than the air entry pressure for the high

air entry discs. Approximately 10 weeks was required to finish each group of tests.

4.5 Testing Program

Four series of experiments were conducted in order to understand the coefficient

of permeability and the soil-water characteristic for a silty soil. A series of experiments

consisted of six different tests which were performed on six different specimens. All of the

specimens were initially slurried saturated specimens. The use of the slurried specimens

ensured the homogeneity of the soil and a uniform initial condition for the different

specimens. The specimens were consolidated under various normal stresses. Different

types of tests were followed for different purposes.
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4.5.1 Series 1: the FlexibleWall Permeability Tests (FWPT)

The first test in this series was a pilot study. The purpose for this test was to

observe the overall performance of the equipment and to evaluate the applicability of the

planned testing procedure. The other five tests of this series were performed based on the

experience gained from the first test

For each test, the initially slurried specimen was first loaded to the desired

consolidation pressure and was then allowed to consolidate completely. The permeability

tests for different matric suction values were followed in accordance with the procedure

described previously (i.e., Section 4.4.2). The stress state variables for different specimens

at various testing stages are tabulated in Table 4.3.

Table 4.3 Stress state variables for the flexible wall permeability tests (FWPT)

Test Stress state FWPTI FWPT2 FWPT3 FWPT4 FWPT5 FWPT6

step variable (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
0-8 (o - ua) 10 10 25 50 100 200

0 (ua - (4) 0 0 0 0 0 0

1 (ua - (4) 10 10 10 10 20 30

2 (ua - (4) 20 20 20 20 30 40

3 (ua - (4) 30 30 30 30 40 50

4 (ua - (4) 40 40 40 40 50 60

5 (ua - (4) 50 50 50 50 60 75

6 (u; - uw) - 60 60 60 75 90

7 (ua - (4) - 75 75 75 90 -

8 (ua - (4) - 90 90 90 - -
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4.5.2 Series 2: the RigidWall Permeability Tests (RWPT)

A stainless steel sample ring was used as the rigid wall for the six tests in Series 2.

As a result, the consolidation was no longer three-dimensional but one-dimensional. The

procedure followed in this series of tests also was the same as that used in Series 1.

However, the number of steps in this series were less than that in Series 1. In addition,

higher net normal stresses of up to 400 kPa were applied in this series. The stress state

variables for different tests at various steps are listed in Table 4.4.

Table 4.4 Stress state variables for the rigid wall permeability tests (RWPT)

Test Stress state RWPfI RWPf2 RWPr3 RWPT4 RWPT5 RWPT6

step variable (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
0-9 (0 - ua) 12.5 25 50 100 200 400

0 (ua - Uw) 0 0 0 0 0 0

1 (ua - Uw) 20 20 20 20 20 20

2 (ua - uw) 40 40 40 40 40 40

3 (ua - Uw) 80 80 80 80 80 80

4.5.3 Series 3: the Pressure Plate Cell Test Series No.1 (PPCT1)

A series of pressure plate cell tests was conducted on the initially slurried

specimens which were preconsolidated to the corresponding confining pressure values

used in the flexible wall permeability tests (Series 1). The samples were unloaded prior to

moving to the pressure plate cells. The pressure plate cell tests were performed following

the procedure described in Section 4.4.4. The preconsolidated pressures for different
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specimens and the matric suction values at various stages of the tests in this series are

tabulated in Table 4.5.

Table 4.5 Preconsolidated pressures and matric suctions for pressure plate
cell test series No.1 (PPCTl)

Test Stress state PPCTll PPCT12 PPCT13 PPCT14 PPCT15 PPCT16

step variables (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
-1 CIDC 0 10 25 50 100 200

0 (ua - uw) 1 1 1 1 1 1

1 (ua - Uw) 5 5 5 5 5 5

2 (ua - uw) 10 10 10 10 10 10

3 (ua - uw) 15 15 15 15 15 15

4 (ua - uw) 20 20 20 20 20 20

5 (ua - uw) 25 25 25 25 25 25

6 (ua - uw) 30 30 30 30 30 30

7 (ua - uw) 35 35 35 35 35 35

8 (ua - uw) 40 40 40 40 40 40

9 (ua - uw) 50 50 50 50 50 50

10 (ua - uw) 60 60 60 60 60 60

11 (ua - uw) 80 80 80 80 80 80

12 (ua - uw) 100 100 100 100 100 100

13 (ua - uw) 130 130 130 130 130 130

14 (ua - uw) 160 160 160 160 160 160

15 (ua - uw) 200 200 200 200 200 200

16 (ua - uw) 280 280 280 280 280 280

4.5.4 Series 4: the Pressure Plate Cell Test Series No.2 (PPCT2)

A second series of pressure plate cell tests was conducted on the initially slurried

specimens preconsolidated to the corresponding confining pressures used in the rigid wall

-\
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permeability tests (Series 2). The values for the preconsolidation pressures were 1.26

times the confining pressures (1.26 was estimated from the compression index, Cc' and the

swelling index, Cs)' The tests were also performed following the procedure described in

Section 4.4.4. The preconsolidated pressures for different specimens and the matric

suction values at various stages of the tests in this series are listed in Table 4.6.

Table 4.6 Preconsolidated pressures and matric suctions for pressure plate
cell test series No.2 (PPCT2)

Test Stress state PPCT21 PPCT22 PPCT23 PPCT24 PPCT25 PPCT26

step variables (kPa) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
-1 (jDC 15.8 31.5 63 126 252 504

0 (ua - uw) 1 1 1 1 1 1

1 (ua - uw) 5 5 5 5 5 5

2 (ua - uw) 10 10 10 10 10 10

3 (ua - Uw) 15 15 15 15 15 15

4 (ua - Uw) 20 20 20 20 20 20

5 (ua - uw) 25 25 25 25 25 25

6 (ua - uw) 30 30 30 30 30 30

7 (ua - uw) 35 35 35 35 35 35

8 (ua - uw) 40 40 40 40 40 40

9 (ua - uw) 50 50 50 45 45 45

10 (ua - uw) 60 60 60 50 50 50

11 (ua - uw) 80 80 80 60 60 60

12 (ua - uw) 100 100 100 80 80 80

13 (ua - uw) 150 150 150 100 100 100

14 (ua - uw) 250 250 250 150 150 150

15 (ua - uw) - - - 250 250 250

'11,

-----
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CHAPTERS

PRESENTATION OF TEST RESULTS

5.1 Introduction

The testing program outlined in Chapter 4 was conducted on the selected soil

using the equipment. The coefficient of permeability as a function of matric suction and

the soil-water characteristic curves were measured at different void ratios. Data were

collected and organized for presentation in this chapter. The detailed results obtained from

the testing program are documented in the appendices as specified.

The description of the performance in each experimental series and the results of

individual tests are briefly summarized in this chapter, along with the experimental

difficulties encountered during the tests. There is a one to one correspondence between

the format for the information presented in this chapter and the outline of the program

described in Chapter 4. The test results are then discussed and analyzed in Chapter 6.

5.2 Flexible Wall Permeability Tests

In order to establish the coefficient of permeability versus matric suction

relationship for the selected soil, six flexible wall permeability tests (i.e., FWPTI, FWPT2,

FWPT3, FWPT4, FWPT5 and FWPT6) were conducted on six different slurried

specimens using the developed triaxial permeameter system. Each specimen was

-�-.
---

..

-

..

- -

\
.�\
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isotropically consolidated under a specified confining pressure, followed by permeability
measurements at various matric suctions. The changes in the total volume of the

specimens were monitored at each step of the tests.

The first test, FWPTl, was conducted as a trial test. The equipment performed
well until the matric suction reached 50 kPa. The high air entry disc on the base plate was

believed to have been accidentally broken during the testing. Consequently, the air entry

pressure of the disc was lowered from the manufacturer's value of 100 kPa although it was

able to sustain a matric suction of 40 kPa. When the matric suction was raised to 50 kPa,

the air penetrated the cracks developed in the high air entry disc and a considerable

volume of air was flushed out and collected in the diffused air volume indicator. The test

was halted at a matric suction of 50 kPa. An attempt was made to remove the specimen

after the test. Unfortunately, it was still in a slurried state and flowed down to the base

plate (and then the floor). As a result, the volume-mass properties for this specimen were

lost.

A duplicate test, FWPT2, was carefully conducted after a new high air entry disc

was sealed onto the base plate. The equipment performed well. The other four tests were

also successfully conducted using the same high air entry disc. In general, a complete test

took about four weeks. The saturated coefficients of permeability of the high air entry

discs were measured prior to testing on each specimen. The detailed calibration data for

the discs are presented in Appendix C.

The summary of the volume-mass properties, stress state variables and the results

of the coefficient of permeability measurements for the flexible wall permeability tests is

tabulated in Tables 5.1 and 5.2, respectively. The coefficients of permeability versus matric

suction relationships are also graphically presented in Figs. 5.1 and 5.2, using two different

coordinate systems. Both Figs. 5.1 and 5.2 indicate that the coefficient of permeability

does not change very much when matric suction is low. As matric suction increases, the

coefficient of permeability drops rapidly at a particular matric suction. This
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particular matric suction is defmed as the air entry pressure. The relative coefficients of

permeability versus matric suction relationship are shown in Fig. 5.3. From Figs. 5.2 and

5.3, it can be found that the coefficients of permeability versus matric suction data follow

a bi-linear relationship on a log-log scale, which was suggested by Brooks and Corey

(1964). More detailed results can be referenced to Appendix C.

Table 5.1 Summary of the volume-mass properties for the flexible
wall permeability tests (FWPT)

Test Number FWPT1 FWPT2 FWPT3 FWPT4 FWPT5 FWPT6

Initial void ratio, e, - 0.646 0.642 0.652 0.638 0.647

Consolidation void ratio, ec - 0.536 0.514 0.507 0.478 0.468

Final void ratio, ef - 0.522 0.514 0.502 0.484 0.467

Final water content, Wf (%) - 9.58 9.64 9.90 9.88 10.06

Consolidation pressure, o, (kPa) 10 10 25 50 100 200

Table 5.2 Results of the coefficient ofpermeability measurements
for the flexible wall permeability tests (FWPT)

(Ua - Uw) Coefficient of permeability (values shown are to be multiplied by 10-8mls)

(lcPa) FWPT1 FWPT2 FWPT3 FWPT4 FWPT5 FWPT6

0 2.15 1.67 1.60 1.03 0.680 0.599

10 2.00 1.65 1.52 0.941 - -

20 1.13 1.65 1.43 0.940 0.678 -

30 0.280 0.370 0.502 0.485 0.490 0.581

40 0.0944 0.156 0.184 0.197 0.164 0.231

50 0.0615 0.0543 0.103 0.0727 0.0606 0.0997

60 - 0.0311 0.0396 0.0391 0.0322 0.0449

75 - 0.0160 0.0197 0.0207 0.0150 0.0198

90 - 0.0103 0.0111 0.0116 0.00934 0.0122
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The total volume change of the specimen was monitored using three non

contacting strain transducers. The total volume changes and the void ratio changes are

presented graphically in Figs. 5.4 and 5.5, respectively. The results show that the total

volume change measurements were not accurate enough for estimating the change in void

ratio. The poor accuracy of these measurements was apparent when the total volume

changes obtained during consolidation were compared to the outflow water volume during

the same period. It appears that this type of measurement overestimates the total volume

changes. The fluctuations in the transducers and the non-uniform deformations of the

specimen are most likely responsible for the poor accuracy in the measurements. However,

the total volume change obtained from this type of measurement was in the same order of

magnitude as the actual value. The results were of some value. In addition, Fig. 5.4 shows

that the change in total volume is complete when matric suction reaches the air entry

pressure (i.e., about 30 kPa for the selected soil). This is quite common for an initially

slurried specimen. On the basis of the total volume change measurements, it can be

concluded that the total volume change in the consolidated slurried silt specimen is not

significant, particularly under high consolidation pressures.

The inflow and outflow water volumes were also continuously measured during

the tests so that the coefficient of permeability could be calculated. However, the inflow

and outflow data could not be used to estimate the water content or degree of saturation

of the Specimen due to small amounts of leakage in the triaxial permeameter. As

mentioned in Chapter 4, the small leakage should not significantly influence the coefficient

of permeability results. For the estimation of the water content or degree of saturation,

however, the accumulated inflow and outflow water volumes need to be used. The

accumulated leakages were also included in the accumulated inflow and outflow data so

that a .gnifi ld be
.

tr d ced 111· the computation of the water content or
Sl icant error cou In 0 u

degree of saturation. It appears that the coefficient of permeability function and the soil-
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water characteristic curve cannot be easily obtained using only a permeability test (Brooks
and Corey, 1964; Laliberte et al., 1966).

The differential head was also monitored during the permeability measurements

due to its important influence on the coefficient of permeability calculations (Haug, 1993).

Three typical curves for the reading of the differential head versus elapsed time

relationship are shown in Fig. 5.6. It is indicated that the differential head decreases almost

linearly with time during the test. The mean differential head used for the coefficient of

permeability calculations was determined using the mean value for the corresponding time

interval (i.e., the ratio of the integral of the differential head, 1'2M(t) dt, to the time
'1

interval, (t2 - t1». In general, this mean differential head was a little lower than the

arithmetic mean value of the initial and fmal differential heads (i.e., (M1 + M2)/2).

5.3 Rigid Wall Permeability Tests

Based on the experience obtained from the flexible wall permeability tests, another

series of permeability tests were conducted using a steel sample ring. This series of tests

were specified as rigid wall permeability tests and the tests were numbered as RWPT1,

RWPT2, RWPT3, RWPT4, RWPT5 and RWPT6. The initially slurried specimens could

be more conveniently assembled using the steel sample ring. In addition, the specimen

could not deform laterally so that there was no non-uniform lateral deformation in the

specimen as was experienced for the flexible permeability tests.

The deformation of the specimen was not monitored in the rigid wall permeability

tests. More importantly, the total volume change data for the flexible permeability tests

have shown that the total volume change during the drYing process (i.e., matric suction

increases) was small. It appeared that the total volume change in a consolidated slurried

specimen could be neglected.
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The test results from the flexible wall permeability test also showed that the

coefficient of permeability versus matric suction relationship can be described using the

permeability function proposed by Brooks and Corey (1964), i.e., Eq. (2.3). In order to

reduce the duration of the rigid wall permeability tests, the permeability measurements

were performed at only four different matric suctions. Two equilibrium matric suction

values less than the air entry pressure and two equilibrium matric suction values higher
than the air entry pressure of the soil were used. As a result, a complete rigid wall

permeability test took about three weeks, one week shorter than a flexible wall

permeability test. The saturated coefficients ofpermeability of the high air entry discs were

measured prior to each test More detailed results are documened in Appendix C.

The summary of the volume-mass properties and stress state variables for the rigid
wall permeability tests are outlined in Table 5.3. The results of the coefficient of

permeability measurements for this series of tests are tabulated in Table 5.4. The

coefficient of permeability versus matric suction relationships are also graphically

presented in Figs. 5.7 and 5.8, using two different coordinate systems. The relative

coefficient of permeability versus matric suction relationships are shown in Fig. 5.9. The

results of the rigid wall permeability tests strengthen the observations made in the flexible

wall permeability tests. More detailed results are documented in Appendix C.

Table 5.3 Summary of the volume-mass properties for the rigid wall

permeability tests (RWPT)

Test Number RWPTI RWPT2 RWPT3 RWPT4 RWPT5 RWPT6

Initial void ratio, e, 0.649 0.643 0.651 0.637 0.648 0.638

Consolidation void ratio, e; 0.531 0.521 0.501 0.488 0.462 0.443

Final void ratio, er 0.523 0.515 0.499 0.481 0.468 0.447

Final water content, Wf (%) 10.46 10.51 10.82 10.12 11.47 10.71

Consolidation pressure, Oc (lcPa) 12.5 25 50 100 200 400
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Table 5.4 Results of the coefficient of permeability measurements
for the rigid wall permeability tests (RWPT)

(Ua - Uw) Coefficient of permeability (values shown are to be multiplied bv 10-8mls)

(kPa) RWPT1 RWPT2 RWPT3 RWPT4 RWPT5 RWPT6

0 1.90 1.73 1.21 0.854 0.658 0.402

10 1.75 - - - - -

20 - 1.53 1.09 0.793 0.620 0.392

40 0.187 0.163 0.197 0.235 0.362 0.271

80 0.0187 0.0163 0.0181 0.0199 0.0312 0.0223

5.4 Pressure Plate Cell Test Series No.1

As mentioned previously, the soil-water characteristic curves could not be

accurately obtained using the inflow and outflow data from the permeability test.

Therefore, a series of pressure plate cell tests (i.e., PPCTll, PPCT12, PPCT13, PPCT14,

PPCT15 and PPCT16) were conducted in order to establish the soil-water characteristic

curves for the silt at different initial void ratios. The first test, PPCTll, was conducted on

a slurried specimen. The specimens in the other five tests were pre-consolidated under the

consolidation pressures used in the flexible wall permeability tests in order to closely

simulate the conditions in the flexible wall permeability tests. The consolidation pressures

were then removed before the specimens were moved to the pressure plate cells.

Therefore, there were differences between the specimens used in these two different types

of tests. First, the specimen in the flexible wall permeability test was continuously

subjected to a confining pressure while the specimen in the pressure plate cell test was not

subjected to such a pressure although the same consolidation pressures were used in both

types of tests during consolidation. Meanwhile, the specimen in a flexible wall permeability
test was isotropically consolidated while the specimen in the pressure plate cell test was
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one-dimensionally consolidated (i.e., Ko consolidated). Fortunately, the rebound of the

selected soil is small and the anisotropy of the slurried silt is also small so the difference

between the specimens in these two types of tests should not be significant
The weight (or volume) of the outflow water is crucial in the pressure plate cell

tests. The accuracy of the weight measurements is of importance. It is also important that

the equilibrium conditions during drainage for each pressure increment are taken at

reasonable time. If the fmal reading is taken earlier, the water content or degree of

saturation will be over-estimated, and vice versa. Figure 5.10 shows three typical curves

for the weight of outflow water which are plotted on a semi-logarithmic scale. In this

particular case, the final readings for this matric suction step were taken as the reading

where the curves became flat This is quite similar to the procedure for determining ttoO in

a consolidation test.

For a slurried silt specimen, the total volume of the specimen reduces as the matric

suction increases. The total volume change due to increasing matric suction significantly

decreased if a pre-consolidation pressure is applied to the specimen before the pressure

plate cell tests are conducted. Due to the limitations of the pressure plate cell tests, the

total volume of the specimen could only be measured before and after the tests. The total

volume change of the specimen during the tests remained unknown. In order to calculated

more accurately the volumetric water content and the degree of saturation in the

specimen, it is necessary to predict the total volume change during the pressure plate cell

test.

According to the experimental data presented in the literature (Croney and

Coleman, 1954; Fredlund, 1964; and Fleureau et al.. 1993), most of the total volume

change for a slunied specimen is complete when the matric suction is raised to the air

entry pressure of the soil. It is assumed that the total volume change in the specimen is

linearly related to the logarithm of the matric suction (Ho, 1988) and is complete when the

matric suction is raised to the air entry pressure of the soil. On the basis of this assumption,
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the total volume changes of the specimen during the pressure plate cell tests were

estimated using the initial and fmal void ratios. Then, the volumetric water content and

degree of saturation were further calculated using the corrected total volumes.

The comparison of the soil-water characteristic curves using different total

volumes for tests PPCTll and PPCT16 are shown in Figs. 5.11 and 5.12, respectively.

The corresponding comparison of the degree of saturation versus matric suction curves is

presented in Figs. 5.13 and 5.14, respectively. The results show that the effect of the total

volume change is significant for PPCTll, a slurried specimen, while the effect becomes

negligible for PPCT16, the most densely consolidated specimen in this series of tests.

The summary of the volume-mass properties for the specimens for the pressure

plate cell test Series No.1 are tabulated in Table 5.5. The volumetric water contents at

various matric suctions are listed in Table 5.6. The soil-water characteristic curves are

presented graphically in Figs. 5.15 and 5.16, respectively, using two different scales. These

results indicate that the volumetric water content decreases quite slowly at low matric

suctions. As matric suction increases, the volumetric water content suddenly drops at a

particularmatric suction. This particular matric suction is defmed as the air entry pressure.

At a matric suction of 100 kPa, the volumetric water content becomes relatively low.

Further increasing matric suction does not desaturate the soil very much. The soil-water

characteristic curves become flat in high matric suction region, particularly on an

arithmetic scale. The corresponding degree of saturation versus matric suction curves are

shown in Figs. 5.17 and 5.18, respectively, using an arithmetic scale and a log-log scale.

The degree of saturation versus matric suction curves show the same trend as that of the

soil-water characteristic curves. However, the degree of saturation versus matric suction

curves are flatter than the soil-water characteristic curves when matric suction is lower

than the air entry pressure. In other words, the specimens were saturated in this low matric

suction region although there were changes in the volumetric water contents. The detailed

results for this series of test are outlined in Appendix D.
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Table 5.5 Summary of the volume-mass properties for the pressure
plate cell test Series No.1 (PPCTl)

Test Number PPCTII PPCT12 PPCT13 PPCT14 PPCT15 PPCT16

Initial void ratio, e, 0.692 0.700 0.697 0.635 0.632 0.634

Consolidation void ratio, e; 0.692 0.540 0.528 0.501 0.483 0.466

Final void ratio, e, 0.536 0.529 0.518 0.497 0.481 0.463

Final water content, Wf (%) 6.86 6.93 6.94 7.27 7.37 7.51

Consolidation pressure, CJe (kPa) 0 10 25 50 100 200

Table 5.6 Results of the volumetric water content measurements for the

pressure plate cell test Series No.1 (PPCT1)

(Ua - Uw) Volumetric water content, e (cm3/cm3)
(kPa) PPCf11 PPCf12 PPCf13 PPCf14 PPCf15 PPCT16

1 0.394 0.349 0.344 0.333 0.325 0.316

5 0.365 0.342 0.340 0.331 0.324 0.314

10 0.352 0.340 0.336 0.329 0.322 0.313

15 0.344 0.337 0.332 0.327 0.322 0.312

20 0.302 0.317 0.328 0.326 0.320 0.311

25 0.278 0.281 0.282 0.322 0.315 0.311

30 0.255 0.261 0.261 0.306 0.302 0.309

35 0.235 0.237 0.242 0.285 0.290 0.305

40 0.223 0.224 0.230 0.257 0.274 0.291

50 0.203 0.207 0.213 0.235 0.234 0.250

60 0.187 0.189 0.193 0.216 0.218 0.224

70 0.175 0.180 0.186 0.204 0.209 0.212

85 0.165 0.169 0.172 0.185 0.197 0.201

100 0.158 0.159 0.163 0.175 0.181 0.188

130 0.149 0.148 0.147 0.162 0.167 0.169

160 0.142 0.140 0.137 0.153 0.155 0.159

200 0.134 0.134 0.131 0.142 0.147 0.150

280 0.120 0.122 0.123 0.130 0.133 0.138
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5.5 Pressure Plate Cell Test Series No.2

A similar series of pressure plate cell tests (i.e., PPCT21, PPCT22, PPCT23,

PPCT24, PPCT25 and PPCT26) were conducted to represent the conditions

corresponding to the specimens in the rigid wall permeability tests. The consolidation

pressures were also removed before the pressure plate cell tests were conducted.

However, the specimens were consolidated under higher consolidation pressures, which

were 1.26 times of the consolidation pressures used in the rigid wall permeability tests.

The value of 1.26 was estimated from the compression curve and the swelling curve of the

initially slurried specimens in order to obtain densities similar to the densities of the

specimens in the rigid wall permeability tests. The specimens in both types of tests were

one-dimensionally consolidated.

The estimation of the total volume changes and the calculations of the volumetric

water content and degree of saturation in this series of pressure plate cell tests remained

the same as in the pressure plate cell test Series No.1.

The summary of the volume-mass properties of the specimens for the pressure

plate cell test Series No.2 is listed in Table 5.7. The volumetric water contents at different

matric suctions are outlined in Table 5.8. The soil-water characteristic curves are also

graphically presented in Figs. 5.19 and 5.20, respectively, using two different scales. The

degree of saturations versus matric suction relationship are plotted in Figs. 5.21 and 5.22,

using an arithmetical scale and a log-log scale, respectively. The results strengthen the

observations made in Series No.1. The detailed results for this series of tests are also

documented in Appendix D.

In order to understand the soil-water characteristic behavior for the silt in the high
suction region, desiccator tests were conducted after tests PPCT24, PPCT25 and PPCT26

were completed. The principle and the test procedures for the desiccator test are described
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in the literature (e.g., Fredlund and Rahardjo, 1993a). The desiccator test results for these
three specimens are also included in Table 5.8. The detailed results are presented in

Appendix D. These results, combined with the previous pressure plate cell test results,
allow the soil-water characteristic curves to be extended to a suction of 300 MPa. The

extended soil-water characteristic curves and the degree of saturation versus suction

relationShips are presented in Figs. 5.23 and 5.24, respectively. The combination of both

types of tests produces quite smooth curves. It was observed that the volumetric water

content or degree of saturation of the specimens became almost zero when suction was

raised to 300 MPa.

It should be noted that the suction in the pressure plate tests is matric suction while

the suction in the desiccator is osmotic suction. However, the difference between the

effect of the matric suction and the effect of the osmotic suction on the soil-water

characteristic curves goes beyond the objectives of this study.

Table 5.7 Summary of the volume-mass properties for the pressure

plate cell test Series No.2 (PPCT2)

Test Number PPCT21 PPCT22 PPCT23 PPCT24 PPCT25 PPCT26

Initial void ratio, e, 0.631 0.607 0.627 0.657 0.661 0.663

Consolidation void ratio, ec 0.525 0.513 0.490 0.474 0.454 0.426

Final void ratio, e( 0.502 0.501 0.486 0.471 0.452 0.425

Final water content, Wf (%) 7.13 7.22 7.43 7.66 7.80 7.91

Consolidation pressure, o, (kPa) 15.8 31.5 63 126 252 504

200
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Table 5.8 Results of the volumetric water content measurements for the

pressure plate cell test Series No.2 (PPCT2)

(Ua - uw) Volumetric water content, e (cmvcm")
(kPa) PPCT21 PPCT22 PPCT23 PPCT24 PPCT25 PPCT26

1 0.342 0.337 0.328 0.320 0.310 0.299

5 0.335 0.331 0.327 0.317 0.307 0.297

10 0.332 0.328 0.325 0.315 0.305 0.297

15 0.328 0.326 0.323 0.313 0.303 0.296

20 0.325 0.324 0.322 0.312 0.300 0.295

25 0.309 0.318 0.315 0.308 0.299 0.294

30 0.292 0.294 0.297 0.299 0.298 0.294

35 0.266 0.272 0.276 0.278 0.289 0.294

40 0.250 0.252 0.251 0.261 0.279 0.291

45 - - - 0.250 0.263 0.283

50 0.224 0.227 0.232 0.236 0.246 0.264

60 0.205 0.206 0.213 0.216 0.225 0.244

80 0.181 0.183 0.188 0.192 0.201 0.211

100 0.166 0.168 0.175 0.177 0.187 0.193

150 0.150 0.151 0.155 0.160 0.165 0.168

250 0.127 0.129 0.134 0.140 0.144 0.149

4.40e3* - - - 0.0680 0.0688 0.0808

3.80e4* - - - 0.0385 0.0410 0.0458

8.56e4* - - - 0.0344 0.0360 0.0408

1.52e5* - - - 0.0266 0.0307 0.0323

2.98e5* - - - 0.0233 0.0290 0.0295

* Note: Osmotic suction.
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CHAPTER 6

DISCUSSIONS OF TEST RESULTS

6.1 Introduction

The main objective of the research program is to study the coefficient of

permeability function for a deformable porous medium. The theoretical and experimental

parts of the program were presented in Chapters 3, 4 and 5. In this chapter, the

experimental results obtained from the laboratory program are analyzed and used to verify

the theory developed for a compressible porous medium (i.e., in Chapter 3).

Due to the small amount of shrinkage associated with the consolidated silt

specimens, the experimental data obtained from the tests on these specimens are not

suitable to verify the theory developed for a swelling porous medium. However, some data

available in the published literature can be analyzed and can provide indirect support to the

theory for a swelling porous medium.

6.2 Coefficient of Permeability Function for the Selected Silt

The experimental data for the coefficient of permeability for the selected silt were

presented in Chapter 5. In this section, the data are analyzed and used to support the

theory developed in Chapter 3 for a compressible porous medium. The parameters which

describe the coefficient of permeability surface for the silt are determined in accordance
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with the theory, followed by a discussion of the influence of void rati? on these

parameters.

6.2.1 Coefficient ofPermeability Function for Saturated Silt

As mentioned in Chapter 2, the saturated coefficient of permeability is i;l. function

of void ratio. It usually takes the form of a linear trend on a log k, versus e plot, The

saturated coefficients of permeability obtained from the flexible and rigid wall petmeability

tests are shown in Fig. 6.1, along with the best-fit line obtained using the linear tegression
technique. The best-fit line is linear with a correlation coefficient, R2, of 0.9555. The

slope, (6 log k/L\e) , of the best-fit line is 7.427.

The measurements of the saturated coefficients of permeability were conducted on

a separate specimen under various confining pressures using the designed triaxial

permeameter system. The results obtained from this separate specimen are plotted in Fig.

6.2, together with the saturated coefficients of permeability for the specimens used in the

flexible and rigid wall permeability tests. The data give a correlation coefficient, R2, of

0.8782 and a slope of 7.363 using the linear regression technique. The slope of the

regression line for all the data is similar to that for the data obtained from the flexible and

rigid wall permeability tests.

The comparison between the data for the above separate specimen and tile data

measured on the individual specimens in the flexible and rigid wall permeability tests show

a slight difference although the trends are the same. The accumulated leakage �nd the

incomplete consolidation in the separate specimen may be responsible for this difference.

In a flexible or rigid wall permeability test, the confining pressure was applied in o)'Je step.

The time required for consolidation was about two to four hours, depending on tile level

of the confining pressure. The accumulated leakage was limited due to the sh�rt period of

consolidation. As a result, the volume change (or void ratio change) estimated frDm the
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outflow water volume is not significantly affected by the small leakage inside the triaxial

penneameter. For the separate specimen, however, the confining pressure was raised in six

steps. For each step, the consolidation period was 2 to 4 hours, depending on the level of

the confining pressure. The volume change was estimated from the accumulated outflow

water volume. Accumulated leakage was included in the volume change estimation. This

leakage would produce errors in the calculation of void ratio.

It is noted that the void ratios used here are the values corresponding to complete

consolidation. The initial void ratio and fmal void ratio for the specimen are not suitable

for analyzing the saturated coefficient of permeability. In addition, the saturated

coefficients of permeability measured using the triaxial penneameter system were lower

than those measured using the falling head penneameter (referred to Fig. 4.2). This may be

due to different system errors in the differing measurement systems.

Laliberte et al. (1966) attempted to express the saturated coefficient of

penneability in terms of the air entry pressure, (ua - uw)b' and the pore size distribution

index, A. If their experimental results are plotted against void ratio, it can be shown that

the data also follow the log ks versus e linear relationship.

6.2.2 Coefficient of Permeability as a Function ofMatric Suction

The experimental data showed that the volume changes for a consolidated silt

specimen induced by changes in matric suction were not significant. In cases where the

sample volume is approximately constant, the theory developed in Chapter 3 predicts a bi

linear relationship between the (relative) coefficient of permeability and matric suction on

a log-log scale. The experimental data for the flexible wall permeability tests are presented

in Fig. 6.3, on a log-log scale. The values in the legend indicate the consolidation

pressures. The data show a bi-linear relationship between the coefficient of permeability

and matric suction. That is, the relative coefficient of permeability is approximately equal
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to unity when the matric Suction is less than the air entry pressure of the soil and the
relative coefficient of permeability drops with a slope of " when the matric suction is

higher than the air entry pressure. It also indicates that the equation recommended by
Brooks and Corey (1964) (i.e., Eq. (2.3» is suitable for the selected silt. The parameters

(i.e., the air entry pressure, (ua - uw)b' and the pore size distribution coefficient, 11) in

Brooks and Corey's equation can be obtained using the linear regression technique and are

listed in Table 6.1.

Table 6.1 Air entry pressures and pore size distribution coefficients for the

flexible wall permeability tests (FWPT)

Test Number FWPTI FWPT2 FWPT3 FWPT4 FWPT5 FWPT6

Initial void ratio, e, - 0.646 0.642 0.652 0.638 0.647

Consolidated void ratio, e; - 0.536 0.514 0.507 0.478 0.468

Final void ratio, er - 0.522 0.514 0.502 0.484 0.467

Consolidation pressure, (Jc (kPa) 10 10 25 50 100 200

Saturated coefficient of

permeability, k, ( x 10-8 m/s) 2.15 1.67 1.60 1.03 0.680 0.599

Air entrv pressure, (Ua - Uw)b (kPa) 16.17 19.55 21.82 23.95 26.82 30.08

Pore size distribution coefficient, " 3.267 3.446 3.529 3.447 3.665 3.630

Coefficient of correlation, R2 0.9904 0.9912 0.9947 0.9955 0.9944 0.9947

The experimental results obtained from the rigid wall permeability tests are

presented against matric suction on a log-log scale in Fig. 6.4. The values in the legend

indicate the consolidation pressures. On the basis of the experimental results for the

flexible wall permeability tests, the coefficient of permeability was measured at only four

matric suction levels for a rigid wall permeability test. Two low values of matric suction

were used to check the flat portion of the coefficient of permeability versus matric suction

curve (i.e., matric SUction is less than the air entry pressure). Two high values of matric
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suction were set to estimate the slope, 11, for the second portion the coefficient of

permeability versus matric suction curve (i.e., matric suction is higher than the air entry

pressure). The parameters which describe the coefficient of permeability functions were

also evaluated and tabulated in Table 6.2.

Table 6.2 Air Entry pressures and pore size distribution coefficients for the

rigid wall permeability tests (RWPT)

Test Number RWPTI RWPT2 RWPT3 RWPT4 RWPT5 RWPT6

Initial void ratio, e, 0.649 0.643 0.651 0.637 0.648 0.638

Consolidated void ratio, ec 0.531 0.521 0.501 0.488 0.462 0.443

Final void ratio, er 0.523 0.515 0.499 0.481 0.467 0.447

Consolidation pressure, <5c (kPa) 12.5 25 50 100 200 400
Saturated coefficient of

permeability, ks ( x 10-8 mls) 1.90 1.73 1.21 0.854 0.658 0.402

Air entry pressure, (u, - uwh (kPa) 19.93 19.63 23.63 27.84 33.78 35.86

Pore size distribution coefficient, II 3.327 3.319 3.443 3.561 3.536 3.602

6.2.3 Influence of Void Ratio on the Coefficient of Permeability Function

As mentioned previously, the coefficient of permeability function appears as a bi

linear relationship with respect to matric suction. There are three parameters in such a

function; namely, the saturated coefficient of permeability, ks' the air entry pressure, (ua-

uw)b' and the pore size distribution coefficient, 11. The influence of void ratio on the

coefficient of permeability function is reflected in the effect of void ratio on these three

parameters. The influence of the void ratio on the saturated coefficient of permeability was

previously analyzed (i.e., Section 6.2.1). In this section, the influence of void ratio on the

other two parameters is discussed.
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The air entry pressures obtained from the flexible and rigid waJ) permeability tests

are presented against void ratio in Fig. 6.5, along with the best-fit line· The logarithm of

the air entry pressure appears to be linearly related to void ratio. The hi�her the void ratio,

the lower the air entry pressure. When the soil was consolidated, the size of the largest

pores in the soil are reduced such that it becomes more difficult for ait to enter the soil.

Using the linear regression technique, the slope of the best-fit line, a, and the correlation

coefficient, R2, were estimated as 3.947 and 0.9256, respectively. 1t appears that the

volume change induced by the change in matric suction for an initially slurried specimen is

complete when the matric suction rises to the air entry pressure (CrOney and Coleman,

1954; Russam, 1958; Fredlund, 1964; Fleureau et al., 1993). The volume change

measurements for the flexible wall permeability tests also show that IJlost of the volume

change occurs when the matric suction rises to the air entry pressure. Therefore, the final

void ratios, instead of the void ratios after consolidation, are used in Fig. 6.5.

The pore size distribution coefficients obtained from the flexible and rigid wall

permeability tests are plotted against void ratio in Fig. 6.6. The best-fit line estimated

using the linear regression technique is also shown in Fig. 6.6. The data support an

approximately linear relationship between the pore size distribution coefficient and void

ratio with a correlation coefficient, R2, of 0.6159. The slope, (LlT)/Lle), was estimated as

3.942. It appears that the higher the void ratio, the lower the pore size distribution

coefficient. The reason is that the denser the soil, the more uniform the pore sizes

(Laliberte et al., 1966). In addition, the effect of void ratio on the pore size distribution

coefficient appears to not be severe over the range of void ratios obtained in these tests.

However, the trend of the data still shows that the void ratio does affect the pore size

distribution coefficient. The volume change of an initially slurried specimen is complete

when the matric suction reaches the air entry pressure. Therefore, the final void ratios are

selected to analyze the influence of void ratio on the pore size distribution coefficient in

Fig. 6.6.
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6.3 Soil-Water Characteristic Behavior for the Selected Silt

The coefficient of permeability for a soil depends on the pore size distribution in

the soil, particularly of the water-filled pore sizes. The soil-water characteristic behavior of

the soil is commonly used to evaluate the water which the soil stores. Therefore, the soil

water characteristic behavior can also serve as an analogy of the water-ftlled pore size

distribution in the soil.

It has been quite common to use the soil-water characteristic behavior for

predicting the coefficient of permeability for an unsaturated soil. In this section, the soil

water characteristic behavior for the selected silt is discussed first. The influence of void

ratio on the soil-water characteristic behavior is then analyzed, followed by the discussion

on the prediction of the coefficient of permeability from the soil-water characteristic

behavior.

6.3.1 Effective Degree of Saturation as a Function ofMatric Suction

The selection of the proper variable to describe the soil-water characteristic

behavior was made in Chapter 3. It was concluded that the effective degree of saturation

is the best variable to express the soil-water characteristic behavior, particularly for a

defonnable porous medium. The effective degree of saturation data for the pressure plate

cell test Series No. 1 and 2 are plotted against matric suction in Figs. 6.7 and 6.8,

respectively. The values in the legend indicate the consolidation pressures. The data were

plotted using the residual degree of saturation which ensures a highest correlation

coefficient for the best-fit line. The linear regression results for Series No. 1 and 2 are

tabulated in Tables 6.3 and 6.4, respectively. It can be concluded that the effective degree

of saturation versus matric suction relationships for the silt can also be described by a bi

linear relationship, which was suggested by Brooks and Corey (1964) (i.e., Eq. (3.11».
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Table 6.3 Air entry pressures and the pore size distribution indices for the

pressure plate cell test Series No. 1 (PPCT1)

Test Number PPCTll PPCT12 PPCT13 PPCT14 PPCT15 PPCT16

Initial void ratio, e, 0.692 0.700 0.697 0.635 0.632 0.634

Consolidated void ratio, e; 0.692 0.540 0.528 0.501 0.483 0.466

Final void ratio, e, 0.536 0.529 0.518 0.497 0.481 0.463

Consolidation pressure, c, (kPa) 0 10 25 50 100 200

Air entry pressure, (ua - uwh (kPa) 15.11 16.47 17.92 25.47 27.66 32.79

Pore size distribution index, A. 0.665 0.699 0.709 0.772 0.756 0.860

Residual degree of saturation, S, 0.24 0.25 0.25 0.28 0.30 0.33

Correlation coefficient, R2 0.9961 0.9988 0.9983 0.9987 0.9969 0.9974

Table 6.4 Air entry pressures and the pore size distribution indices for the

pressure plate cell test Series No.2 (PPCTI)

Test Number PPCT21 PPCT22 PPCT23 PPCT24 PPCT25 PPCT26

Initial void ratio, e, 0.631 0.607 0.627 0.657 0.661 0.663

Consolidated void ratio, e; 0.525 0.513 0.490 0.474 0.454 0.426

Final void ratio, ef 0.502 0.501 0.486 0.471 0.452 0.425

Consolidation pressure, o, (kPa) 15.8 31.5 63 126 252 504

Air entry pressure, (ua - Uw)b (kPa) 22.49 23.38 24.81 26.64 32.16 40.01

Pore size distribution index, A. 0.747 0.769 0.766 0.792 0.850 0.939

Residual degree of saturation, S, 0.26 0.27 0.29 0.32 0.35 0.39

Correlation coefficient, R2 0.9978 0.9984 0.9990 0.9988 0.9990 0.9987

6.3.2 Influence of Void Ratio on the Soil-Water Characteristic Behavior

There are three parameters in the effective degree of saturation versus matric

suction relationship suggested by Brooks and Corey (1964) (i.e., the air entry pressure,

,\
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(Ua- Uw)b' the pore size distribution index, A., and the residual degree of saturation, Sr). The
influence of void ratio on the soil-water characteristic behavior is reflected in its effect on

these three parameters.

The air entry pressures estimated from the data from the pressure plate cell tests

are presented against the final void ratios in Fig. 6.9, along with the best-fit line. Similar to

the results of the flexible and rigid wall permeability tests, the logarithm of the air entry

pressure shows a linear relationship with the final void ratio. The linear regression results

show a correlation coefficient, R2, of 0.9475 and a slope, a, of 3.769 for the best-fit line. It

also indicates that the higher the void ratio, the lower the air entry pressure. The reason is

that the denser the soil, the smaller the largest pores in the soil. In tum, the more difficult

it is the air to enter the soil.

The pore size distribution indices estimated from the pressure plate cell tests are

plotted against the [mal void ratio in Fig 6.10, along with the best-fit line to the data. It

appears that the higher the void ratio, the lower the pore size distribution index, A.. The

relationship between the pore size distribution index and the [mal void ratio can be

approximately expressed by a linear function. Using the linear regression technique, the

slope, d, and the correlation coefficient, R2, of the best-fit line were found to be 2.260 and

0.9338, respectively. When the soil is compressed to a higher density or lower void ratio,

the range of the pore sizes becomes narrower so that the pore size distribution index is

higher.

The pore size distribution index, A., has been found to be linearly related to the

pore size distribution coefficient, 11 (Laliberte et al., 1966). It can be concluded that the

void ratio influences both the pore size distribution index and the pore size distribution

coefficient in the same manner. It also implies that the pore size distribution index, A., can

be used to estimate the pore size distribution coefficient, 11. This issue will be discussed in

the next section.
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The residual degrees of saturation for the data obtained from the pressure plate cell

tests are plotted against the [mal void ratio in Fig. 6.11. The residual degree of saturation

for a particular test is the value which gives the best-fit to the data. This indicates that the

residual degree of saturation estimated in this way is merely a best-fitting parameter. More

detailed discussion of the residual degree of saturation was made in Chapter 3. The linear

regression result shows that the residual degree of saturation versus final void ratio

relationship is also linear. As depicted in Fig. 6.11, the best-fit line has a slope of 1.389

and a correlation coefficient, R2, of 0.9689. It appears that the lower the void ratio, the

higher the residual degree of saturation. The phenomenon may be interpreted as follows:

when the soil becomes denser, the volume of small pores in the soil increases. TIle water in

these small pores is considered to be "immobile" with respect to the maximum matric

suction used in the tests. Therefore, over the tested matric suction range, the residual

degree of saturation which ensures a best-fit to the experimental data increases when the

void ratio becomes lower. It appears this conclusion is only applicable to the range of

matric suctions used in these tests. At higher matric suctions, more water may still be

removed from the small pores of the soil. However, it can be expected that the water in

these small pores is much more difficult to remove.

6.3.3 Prediction of the Coefficient of Permeability from the Soil-Water

Characteristic Behavior

The effective degree of saturation versus matric suction curve shows a bi-linear

relationship according to study of Brooks and Corey (1964). The curve can be used to

predict the coefficient of permeability function in a soil.

First, the air entry pressures obtained from the flexible and rigid wall permeability

tests and from the pressure plate cell tests are plotted together for comparison in Fig.

6.12. In general, it appears that the air entry pressure estimated from the permeability
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measurements is slightly higher than that from the pressure plate cell tests. However, both

are close enough to be fitted by the same line. As shown in Fig. 6.12, the linear regression

results for all the data are very close to that obtained for the data in both types of tests. It

can then be concluded that the air entry pressure estimated from the effective degree of

saturation versus matric suction curve can be used to predict the coefficient of

permeability .

Brooks and Corey (1964) suggested an empirical relationship for the effective

degree of saturation versus matric suction curve (i.e., Eq. (3.11». Combined with

Burdine's equation, Eq. (2.36), Brooks and Corey developed an empirical equation for the

coefficient of permeability function. In their derivations, the following theoretical

relationship was obtained:

1'\ = 3"- + 2 (6.1)

where: 1'\ = pore size distribution coefficient, illog kwlillog (ua - uw)

A = pore size distribution index, illogSelillog (ua - uw)·

Following Brooks and Corey's idea, another empirical equation can be herein

obtained for the coefficient of permeability based on the Mualem's equation, Eq.(2.44),

and Brooks and Corey's equation for the effective degree of saturation versus matric

suction relationship, Eq. (3.11). It takes the same form as Brooks and Corey's coefficient

of permeability function (Eq. (2.3». However,1'\ versus A relationship is as follows:

1'\ = 2.5"- + 2 (6.2)

Similarly, an empirical equation can be determined by substituting Brooks and

Corey's equation for the effective degree of saturation versus matric suction relationship
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into Eq. (2.42), which was originally suggested by Marshall (1958) in a summation form

and later modified by Mualem (1974, 1976a) to an integral form. The pore size

distribution coefficient takes the following form:

11 = 2A + 2 (6.3)

The comparison of the above three theoretical relationships to the experimental

data is presented in Fig. 6.13. It appears that both Burdine's and Mualem's equations

overestimate the pore size distribution coefficient for the selected silt Marshall's equation,

however, estimated the pore size distribution coefficient quite well. It can be expected that

Marshall's equation can be used to obtain an accurate estimation of the coefficient of

permeability from the soil-water characteristic behavior for the tested silt. However,

Brooks and Corey (1964) found that Burdine's equation is more suitable for their

experimental data.

When the coefficient of permeability is expressed in terms of effective degree of

saturation, the index, 0, may have different forms, corresponding to different coefficient of

permeability functions.

Based on Burdine's equation, Brooks and Corey obtained the following form:

0=2/A+3 (6.4)

where: o = an empirical index equals illogkw/illogSe·

In accordance with Mualem's equation, the index, 0, takes herein the following

form:

o =2/A+ 2.5 (6.5)

.n'.···.At•·,,_---_-_-
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Corresponding to Marshall's equation, which was modified by Mualem to an

integral form, the index, 0, can herein be formulated as follows:

0=2/A+2 (6.6)

The comparison between the above three theoretical estimations and the estimation

from the experimental data for the index, 0, is presented in Fig. 6.14. The best-fit line for

the A versus e relationship (i.e., as shown in Fig. 6.10) is used to estimated the A values

and then the 0 values in these three theoretical estimations. The 0 values for the flexible

and rigid wall permeability tests are set to be equal to the ratio of the pore size distribution

coefficient, 11, to the pore size distribution index, A, where, A value is also estimated from

the best-fit line for the A versus e relationship obtained from the pressure plate cell tests.

As mentioned in Chapter 4, a permeability test cannot be used to determine the soil-water

characteristic behavior due to the accumulated leakage in the triaxial permeameter system.

As an alternative, the parameters for the soil-water characteristic behavior, S, and A, are

referenced to the soil-water characteristic behavior obtained from the pressure plate cell

tests using the final void ratios of the specimens in the permeability tests.

In Fig. 6.14, it can be noted that the estimation for the index, 0, using Marshall's

equation is close to the estimation using the data obtained from the permeability tests. This

indicates that Marshall's equation is most suitable for the selected silt. In addition, the 0

versus e data estimated from the permeability tests can also be approximately fitted by a

straight line. The regression results show that the correlation coefficient, R2 for the best-fit

line is 0.8081 and the slope, (�o/�e), is 8.068.
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6.4 Coefficient ofPermeability Function for a Swelling Soil

The measurement for the coefficient of permeability in a swelling soil is usually too

difficult to perform due to the low coefficient of permeability of the soil. The difficulty is

there even when the soil is saturated. The high clay content of the soil is responsible for

the low coefficient of permeability. Based on this consideration, the measurement of

unsaturated coefficient of permeability on a swelling soil was not undertaken as a part of

this research program. However, the coefficient of permeability function for swelling soils

is discussed in this section due to its importance in engineering practice.

The theoretical consideration was outlined in Chapter 3. In this section, some

typical data from the literature, in which both the volume change behavior and soil-water

characteristic behavior were presented, are analyzed in order to obtain information on the

coefficient of permeability function for a swelling soil. The information can also provide

indirect support for the theory developed in Chapter 3 for a swelling soil.

6.4.1 Coefficient of Permeability Function for an Initially Slurried Swelling

Soil

Investigations undertaken on initially slurried soil specimens indicated that the

volume change due to a change in suction is nearly complete when the suction rises to the

air entry pressure for the soil (The term suction is used here, rather than matric suction,

since tbe osmotic suction was also involved in the investigations) (Croney and Coleman,

1954; Russam, 1958; Fredlund, 1964; Fleureau et al., 1993). This implies that the air entry

pressure, 'I'b' is close to the suction corresponding to the shrinkage limit, 'I'SL" This appears

to be tfUe not only for an initially slumed clay but for initially slurried silt and sand.

However, the volume change for a sand induced by the change in matric suction is usually

negligi}:)le. The conclusion may also be e"tended to some natural heavy clays.
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For the case in which most of the volume change is complete when the suction

rises to the air entry pressure. the soil can be considered to be saturated when the suction

is less than the air entry pressure. As a result. the coefficient of permeability in this suction

range can be described by the log k, versus e linear relationship according to the theory
described in Chapter 3. For suctions higher than the air entry pressure. the soil

deformation is small and it can be considered as a non-deformable porous medium. This

substantially simplifies the problem of calculating the coefficient of permeability.

Some typical data in the literature have also been re-plotted and analyzed. The data

were estimated from the originally published curves and then fitted using a spline function

available in software developed by Xing (1993). In each of the following examples. the

best-fit curves for the degree of saturation versus suction data and the void ratio versus

suction data were combined to obtain the coefficient of permeability versus matric suction

curve based on the modified statistical models proposed in Chapter 3. The index. 13'. is set

to zero. The slope of the log ks versus e linear relationship is assumed to be 1 for clays and

2 for loam based on the data published by Lambe and Whitman (1969) (i.e .• Fig. 2.21) and

Yang (1990). The coefficient of permeability at the lowest suction is taken as kso and set

to be unity. For comparison. the coefficient of permeability versus suction curve predicted

from the soil-water characteristic curve (i.e., the volumetric water content versus suction

curve) using the original statistical model. is also presented.

There are three forms of statistical models for a non-deformable porous medium,

namely, Burdine's (1953) equation, Mualem's (1978) equation and Marshall's (1958)

equation. Correspondingly, there are three modified statistical equations. Based on the

previous analyses and discussion, as well as the experience from this research program,

Marshall's equation is preferred and selected for estimating the coefficient of permeability.

For comparison, the modified Marshall's equation was applied to the effective degree of

saturation versus suction curves while the Marshall's original equation, which is in an

integral form, was applied to the soil-water characteristic curve. High suctions in some
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investigations suggests a residual degree of saturation of zero so that the degree of

saturation is equivalent to the effective degree of saturation in this particular case. In

addition, the volumetric water content or the degree of saturation is assumed to be zero at

a suction of 1()6 kPa (Croney and Coleman, 1961; Richards, 1965). It was concluded in

Chapter 3 that the residual degree of saturation is practically a fitting parameter which

ensures a best-fit to the main portion of the soil-water characteristic curve corresponding
to low suctions. However, the "tail" portion of the soil-water characteristic curve

corresponding to high suctions is usually ignored. A zero residual degree of saturation

makes it possible to fit the entire soil-water characteristic curve. This is particularly helpful
to fit the data obtained from desiccator test, in which the suction is relatively high. It

should be noted that this assumption does not influence the prediction of the coefficient of

permeability at low suctions.

In the first example, Croney and Coleman's (1954) data for a heavy clay soil (i.e.,

London clay) are re-plotted and analyzed. The original data were obtained by a pressure

plate test and desiccator test on a slurried specimen. The void ratio versus suction data are

presented in Fig. 6.15, along with the best-fit curve. The degree of saturation and

volumetric water content data with respect to suction are shown in Fig. 6.16. The

comparison for the coefficient of permeability functions predicted from the modified

Marshall's equation and the original Marshall's equation is depicted in Fig. 6.17.

Fredlund's (1964) data for a swelling soil (i.e., Regina clay) is the second example.

The data were obtained by combining the pressure plate test and the desiccator test using

the initially slurried specimen which was consolidated under a vertical loading of 50 kPa.

The void ratio versus suction data and the best-fit curve are shown in Fig. 6.18. The

volumetric water content and degree of saturation versus suction curves are presented in

Fig. 6.19. The coefficient of permeability functions obtained from both the degree of

saturation versus suction curve and the volumetric water content versus suction curve are

plotted together in Fig. 6.20 for comparison.
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One more example set of data was published by Fleureau et al. (1993) for Jossigny

loam. The data were also obtained using both the pressure plate test and desiccator test on

the initially slurried specimen. The void ratio versus suction data, along with the best-fit

curve, are presented in Fig. 6.21. The volumetric water content and corresponding degree

of saturation data and best-fit curves are depicted against suction in Fig. 6.22. For

comparison, the coefficient of permeability functions based on the degree of saturation

data and the volumetric water content data are shown together in Fig. 6.23.

The coefficient of permeability versus degree of saturation curves for the above

three soils are shown together in Fig. 6.24. The slope of the curves is changing,

particularly for Regina clay. The deviation of the degree of saturation data from Brooks

and Corey's equation, Eq. (3.11), is responsible for the variable slope.

The parameters for the coefficient of permeability functions and the (effective)

degree of saturation versus suction relationships are graphically and theoretically estimated

and displayed in the Corresponding figures. The modified Marshall's equation was used to

calculate the coefficient of penneability functions. Therefore, the theoretical estimations

were based on Eqs. (6.3) and (6.6).
From the abOve analyses on the available data, which showed that most of the

volume change is Complete wben the suction rises to the air entry pressure, some

important points can be concluded. First, the coefficient of permeability predicted from the

modified Marshall's equation is much higher than that from Marshall's equation (Figs.

6.17, 6.20 and 6.23). The difference between the coefficients of permeability obtained

from two different equations increases at suctions higher than the air entry pressure. It

should be noted that both equations give a coefficient of permeability of 1 at the lowest

suction. The difference between the equations is a maximum value (up to two to three

orders ofmagnitude) at about the air entry pressure and remains constant at higher values

of suction.
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The difference is caused by the different assumptions in the equations. Marshall's

equation was developed for a non-deformable porous medium and assumed that a change
in volumetric water content is caused by the desiccation of pores in the soil at constant

total soil volume. The mOdified Marshall's equation assumed that the change in the

volumetric water content cOllsists of two parts, one is due to the compression of the pores

and the other is due to the desiccation of the pores.

The above results it)dicate that Marshall's equation underestimates the coefficient

of permeability in a swelliO� soil for suctions less than the air entry pressure. For suctions

higher than the air entry l'f�ssure, however, both equations predicted the same trend for

the coefficient of penne�1J.lity function. The parallel nature of the two coefficient of

permeability curves in the hl.gher suction region can be used to strengthen this point. The

slopes for both curves in tNs region take the value of pore size distribution coefficient, 11.

The slope for the coefficieltt of permeability function at suctions less than the air entry

value takes the value of lJe�, where, b is the slope of the log k, versus e curve and em is

the slope of the e versus (fla - uw) curve.

The influence of tVe void ratio on the pore size distribution coefficient and air entry

pressure does not appear c<::' be significant in the heavy clay case. This may be caused by

the absence of macro-stru�C�re in slurried heavy clay specimens. The application of the net

normal stress and suction J1� no significant effect on the micro-structure of the specimen

so that neither the air enC� pressure nor the pore size distribution coefficient has been

influenced. In addition, tVt coefficient of permeability in a swelling soil usually changes

sharply so that a small sl\ in the air entry pressure or pore size distribution coefficient

appears to be negligible,
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6.4.2 Coefficient ofPermeability Function for Natural or Compacted

Swelling Soils

There are two kinds of structures, namely, macro- and micro-strUcture, in a natural

or compacted soil (Sridharan et al, 1971; Barden and Pavlakis, 1971). For such a soil, the

volume change may occur when the suction is higher than the air entry pressure. The

existence of the macro-structure may be responsible for this phenomenon. For a soil

specimen with only micro-structure, the applied suction acts as a confining pressure when

the suction is less than the air entry pressure. This effect disappears when the air enters the

pores of the soil. For a soil specimen with both macro- and micro-structures, the situation

is different When the applied suction is less than the air entry pressure, the suction also

acts as a confining pressure. After the air entered the macro-pores of the soil, the suction

no longer acts as a confining pressure to the entire soil specimen. However, the suction

still acts as a confining pressure to the parts of the specimen where the air does not enter.

This phenomenon will remain until the air enters the micro-pores in the soil.

It should be noted that for a particular natural or compacted specimen, the

structure is determined. Like a consolidation pressure, the applied suction does not induce

a significant change in the structure of the specimen. In other words, there is no significant

change in structure during a drying process. It can be concluded that the soil-water

characteristic behavior associated with a drying process reflected the influence of the

pertinent structure of the soil specimen. As a result, the coefficient of permeability

estimated based on this behavior is not affected by the change in soil structure due to

different compacted water contents and densities.

The coefficient of permeability function for a natural or compacted soil can be

divided into three portions. The first portion is from zero suction to the air entry pressure,

'I'b. The second portion is from the air entry pressure, 'lib' to the suction which

corresponds to the shrinkage limit, 'IISL. The third portion is the higher SUction region. For
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the first portion, the coefficient of permeability can be determined by the log ks versus e

linear relationship. The first portion is linear if the e versus 'I' curve is linear in this suction

region. The third portion is a constant volume region so that a linear relationship between

the coefficient of permeability and suction can be expected. In the second portion,

however, the coefficient of permeability and suction curve is not linear according to the

theory developed in Chapter 3 for a swelling soil. In the case where the void ratio change

is small, this portion can also be approximated by a linear relationship. As a result, the

coefficient of permeability function for a natural or compacted clay can be approximately

described by a tri-linear relationship.

Based on the previous analyses, the modified Marshall's equation is also used here

to predict the coefficient of permeability function for a natural or compacted swelling soil.

The prediction involved the use of the degree of saturation versus suction curve rather

than the volumetric water content versus suction curve. Based on the same reason

mentioned before, the residual degree of saturation is assumed to be zero and the soils are

assumed to be completely dry at a suction of 1 ()6 kPa. The slope of the log k, versus e

linear relationship, b, was assumed to be 1. Based on the experimental data published by

Sridharan et al (1971) for a compacted clay, the slope of the log (ua - uw)b versus e linear

relationship, a, was taken as 1.5. The modified Marshall's equation is used to predict the

coefficient of permeability functions. Therefore, Eqs. (6.3) and (6.6) are used to estimate

the parameters theoretically.

Two sets of data were re-plotted from Russam's (1958) original curves and

analyzed in order to indicate the three portions for the coefficient of permeability function.

In addition, through the predicted coefficient of permeability function, the parameters for

the coefficient of permeability can be graphically and theoretically estimated. This is of

importance for a natural or compacted swelling soils. The soils were named silty clay (2-ft

depth) and Tarouba clay. The void ratio versus suction data and the best-fit curves are

shown in Figs. 6.25 and 6.26, respectively. The degree of saturation versus suction data
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and the best-fit curves are presented in Figs. 6.27 and 6.28, respectively. The predicted

coefficient of permeability functions are depicted in Figs. 6.29 and 6.30, respectively. The

coefficient of permeability versus degree of saturation curves are plotted in Figs. 6.31 and

6.32, respectively. Different types of parameters are graphically and theoretically

estimated and displayed in the corresponding figures in accordance with the theory

developed in Chapter 3 for a swelling soil.

In Figs. 6.25 to 6.32, several points can be made. First, the air entry pressure, 'Pb,

is one to two orders of magnitude lower than the suction which corresponds to the

shrinkage limit, 'PSL. The air entry pressure appears to be related to the macro-structure in

a natural or compacted soil while the suction corresponding to the shrinkage limit may be

related to the micro-structure. Second, like the theoretical prediction, the estimated

coefficient of permeability function for a silty clay (2-ft depth) and a Tarouba clay appears

to follow an approximately tri-linear relationship. In addition, the graphical and theoretical

estimation of the average parameters for each portion show a good agreement. For

different portions, however, the same parameter may take different values. The differing

structures in the soil may be responsible for these different values. In the low suction

region, macro-structure plays a major role. In the high suction region, micro-structure

plays a dominant role.

6.4.3 Predicting Coefficient ofPermeability for Swelling Soils in a

MicroscopicManner

The theory for predicting the coefficient of permeability for a deformable porous

medium at the microscopic level was outlined in Chapter 3. According to the theory, the

soil-water characteristic curve for a particular void ratio can be used to predict that for

another void ratio. Consequently, the curve for a particular void ratio can also be used to

estimate the coefficient of permeability function at another void ratio.
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So far, one set of data published by Croney and Coleman (1954) was found which

support the microscopic model developed in Chapter 3. The experimental data were

obtained from two chalk specimens with different densities. The data are shown in Fig.
6.33. From the soil-water characteristic curve for a porosity of 0.4127 (i.e., soft chalk),

and the soil-water characteristic curves for other four different porosities were predicted

and plotted in Fig. 6.33. The prediction for a porosity of 0.2129 (i.e., hard chalk) indicates

that the predicted curve is close to the experimental data although the deviation appears

fairly high around 1000 kPa of suction.

The microscopic model predicts that the saturated coefficient of permeability is

proportional to the cube of the porosity (i.e., Eq. (3.75)). Assuming that the saturated

coefficient of permeability at a porosity of 0.4127 is equal to 1, the saturated coefficient of

permeability for different porosities can be predicted in accordance with the microscopic

model. The predicted saturated coefficients of permeability are plotted against void ratio in

Fig. 6.34, on a semi-logarithmic scale. It appears that the log ks versus e relationship is not

linear. For limited changes in void ratio, however, the relationship can be approximately

described using a linear relationship. This indicates that the theory is applicable for limited

void ratio changes.

The relative coefficients of permeability estimated from the experimental data

using Marshall's equation are shown in Fig. 6.35. Based on the theory developed in

Chapter 3, the relative coefficient of permeability for a porosity of 0.2129 can also be

predicted from that for a porosity of 0.4127. This prediction (i.e., the dotted line) is

presented in Fig. 6.35 and shows a fairly good agreement with the direct estimation (i.e.,

thin solid line).

The microscopic model was also applied to the data presented by Russarn (1958)

for Tarouba clay (i.e., the data analyzed in the previous section). The predicted relative

coefficient of permeability function is shown in Fig. 3.36. For comparison, the relative

coefficient of permeability functions obtained from the modified Marshall's, Mualem's and

257



\

(t)
E
o 0.35

1
�

____-/

c:p 0.30

tv
VI
00

E
Q.)
E 0.25
8
....

Q.)

� 0.20

.2
....

Q5
E 0.15
:l
'0
>

0.10

0.05

0.45

0.40

0 n = 0.4127, Measured
------

-

r-.
<> n = 0.2129, Measured

n = 0.4127, Best-fit"..------------ -----------..
---

�

""'\ - - - -

n = 0.3627, Prediction
......... - .............

..................•...••• - ,
••••• "

n = 0.3127, Prediction -

'.

�""', \
"

\ - • - • -

n = 0.2627, Prediction
�.-.-.-.-.-.-.-.- .-.---.-.-.--�.�.

"

\...... -
"

,__
" -"

, - •• - •.

n = 0.2129, Prediction"

,

" \
,
, \��,� .. - .. - .. - .. - .. - .. ... _ .. _ .. _ .. _--_ .. .._ .

. �- , '

"0., \\" <>\
, .

. '\:

'\
�
, <>

� 0

o

1 10 10000100

Suction, 'II (kPa)

1000

Figure 6.33 Measured and predicted soil water characteristic curves for a chalk (data from Croney and Coleman, 1954).



\

�
1

0.8

�<Jl

__./
�

0.6:c
<U
Q)
E
...

Q)
a.
-

0 0.4
-

c:
Q)
·0
==
Q)

8
N "0

VI
Q)
-

\0 �
�
-

<U
V) 0.2
"0
Q)
-

<U
"S
..Q
<U
o

0.1

-

»>
»>

�
�

/
/V

-:
.:

-:

/
v
/

0.2 0.3 0.5

Void ratio, e

0.6 0.7 0.80.4

Figure 6.34 Saturated coefficient of permeability predicted using the microscopic model for a chalk (data from Croney
and Coleman, 1954).



\

�.
t

__-J

tv
0'1
o

1

10-1

.;,t:�
10-2

�
:.0 10-3ns
Q)
E
�

Q)
10"4a.

(5
E
Q)

10"5'0
==
Q)

8
Q) 10-6>

.�
Q)
a: 10"7

10-8

10"9

10

n = 0.4127, Marshall's equation

n = 0.2129, Marshall's equation

n = 0.2129, Predicted from n = 0.4127

100 100001000

Suction, '¥ (kPa)

Figure 6.35 Comparison of the relative coefficients of permeability obtained from different estimations for a chalk

(data from Croney and Coleman, 1954),



10-2
•
.s:> .:.:'"

�
:0 1()-4 H Microscopic modelcu
Q)
E I ---0-- Modified Maulem's equation.....

Q)
a.

I --I:r-- Modified Burdine's equation.....

0
- 10"6c:

I --0---- Modified Marshall's equationQ)
'0

tv == I � Marshall's equation0\ Q)
...... 8

Q) 10"8>

.�
Q3
c:

10"10

\

�

10-12

1

1 100 10000 100000010 1000

Suction, 'I' (kPa)

100000

Figure 6.36 Comparison of the relative coefficients of permeability estimated using different models for Tarouba clay
(data from Russam, 1958).



Burdine's equations as well as Marshall's original equation are also plotted in Fig. 6.36.

The comparison shows that the microscopic model is close to the modified Marshall's

equation. However, the microscopic model overestimates the coefficient of permeability

by a small amount for suctions less than the air entry pressure. In addition, the modified

Mualem's and Burdine's equations predict lower coefficients of permeability than the

modified Marshall's equation.

The poor applicability of the microscopic model indicates that the fundamental

assumption on which the theory was developed is not generally true. It was assumed that

the change rate for the equivalent radii of the pores in the soil is uniform when the soil

deforms. The analyses indicate that this assumption is not always reasonable.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

There are several conclusions which arise from the theoretical developments and

experimental program in this study. Several recommendations for further study in this area

are also provided.

7.1 Conclusions

The following conclusions can be drawn from this study:

(1) The developed triaxial permeameter system can be used to measure the

coefficient of permeability for a saturated soil down to a coefficient of permeability of 5 x

10-11 mis, with a 36% of error. For an unsaturated soil, however, the measurable

coefficient of permeability is much lower than 5 x 10-11 rnIs.

(2) The coefficient of permeability for the testing silty soil is a function of void

ratio and degree of saturation. The influence of total volume change on the coefficient of

permeability function is reflected in three ways:

(i) The saturated coefficient of permeability, ks' is a function of void ratio.

The log ks versus e relationship is linear:

(ii) The air entry pressure, (ua - u)b' also is a function of void ratio. The

log (ua - uw)b versus e curve can also be described using a linear relationship;

(iii) The index, cS (i.e., �log kj� log Se)' or the pore size distribution
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coefficient n (i.e., dlog kw/d log (ua - uw», appears an approximately linear

relationship with respect to void ratio.

(3) The degree of saturation versus matric suction curve for the testing soil is

affected by void ratio. The influence of void ratio is reflected also in three ways:

(i) The air entry pressure is related to void ratio as in (2);

(ii) The pore size distribution index, A (i.e., alog Se1d log (ua - uw»'

appears an approximately linear relationship with respect to void ratio, e;

(iii) The residual degree of saturation, Sr' is an approximately linear

function of void ratio.

(4) The degree of saturation versus matric suction curve or the volumetric water

content versus matric suction curve can be used to predict the coefficient of permeability

for a non-swelling soil in accordance with Marshall's equation. Therefore, the indices, 0, 11

and A can be found and correlated with each other.

(5) The degree of saturation versus matric suction curve, combined with the void

ratio versus matric suction curve, can be used to predict the coefficient of permeability

function for an initially slurried swelling soil based on the modified Marshall's equation.

The volumetric water content versus matric suction curve can not be referred for the

prediction of the coefficient of permeability in a swelling soil.

(6) The coefficient of permeability for a compacted or natural swelling soil, which

possesses macro- and micro-structures, can also be approximately estimated from the

degree of saturation versus suction curve and void ratio versus suction curve based on the

modified Marshall's equation.

(7) The microscopic model appears applicable to a limited range of total volume

change.
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7.2 Recommendations

Several suggestions arise from this study as follows:

(1) The proposed models can be used to predict the coefficient of permeability in

deformable porous media The models were established based primarily on the data from

sands and silts. Further studies should be carried out on clayey soils.

(2) Limited information is available in the literature on the measurements of the

coefficient of permeability for swelling soils due to the low coefficient of permeability in

this kind of soil. More research is required to completely understand the coefficient of

permeability for swelling soils.

(3) The available equipment is not suitable for measuring the coefficient of

permeability, the total volume change and the water content simultaneously. In addition,

the available equipment cannot be used to measure the coefficient of permeability in clayey

soils, which show relatively high swelling behavior. There is a need to develop new

equipment which is able to measure low coefficient of permeability, total volume change

and water content simultaneously.

(4) The proposed microscopic model for predicting the coefficient of permeability

in a deformable porous medium is applicable to a limited range of total volume change.

Further work is needed to extend the applicability of this model.

(5) There are two different structures, namely, macro- and micro-structure in a

compacted or natural swelling soil. The available models show limitations in predicting the

coefficient of permeability for such kind of soil. Further study is needed to complete

understand the coefficient of permeability function in this kind of soil, which are most

likely to be encountered in engineering practice.
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APPENDIX A

CONSOLIDATION TEST AND PERMEABILITY TEST RESULTS

ON SATURATED SPECIMENS OF THE SELECTED SOIL
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APPENDIX A

The data for three kinds of tests, which determine the fundamental properties of
the selected soil, are presented in this appendix. First, the data obtained from the

consolidation tests are listed. The data for the falling head permeability tests are then

outlined, followed by the data obtained from a steady-state, controlled head permeability
tests.

The calculation of the coefficient of permeability from a falling head permeability
test is in accordance with the following formula:

«i.«k =2.303-
S

A

where: k = saturated coefficient of permeability (cm/s)s

a = cross section area of the burette (0.02378 cm-)
L = actual length of the specimen (em)

A = cross section area of the specimen (28.57 cm-)
K = slope of the log h versus t curve, h is the head (ern) and t is time (sec).

In a steady-state, controlled head permeability test, the calculation of the

coefficient of permeability is formulated as following:

V4

•-------



where: k, = saturated coefficient of permeability (ern/sec)

L, = length of soil sample (ern)

As = cross section area of soil sample (81.07 cm-)

�h = differential head (em)

Qave = mean value of inflow volume and outflow volume, (Qin + Qave)/2 (em')

M = time interval (sec)

Lup = length of the upper high air entry disc (1.031 em)

Aup = cross section area of the upper high air entry disc (60 cm-)

kup = coefficient of permeability of the upper high air entry disc (ern/sec)

Llow = length of the lower high air entry disc (1.038 cm)

Alow = cross section area of the lower high air entry disc (60 cm-)

klow = coefficient of permeability of the lower high air entry disc (ern/sec).
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Consolidation Tests No.1 (Sept., 1991)

Initial height (ern) 3.174 Mass of soil (g) 166.68

Area (cm"2) 32.04 Final height (em) 2.813

10.0 kPa 19.9 kPa 39.8 kPa 79.5 kPa

Time Reading Time Reading Time Reading Time Reading
(min) (mm) (min) (mm) (min) (mm) (min) (mm)
0 10.400 0 9.563 0 9.287 0 8.974

0.25 10.170 0.25 9.480 0.25 9.178 0.1 8.818

0.5 10.100 0.5 9.458 0.5 9.142 0.25 8.770

1 10.010 1 9.433 1 9.110 0.5 8.737

2 9.883 2 9.399 2 9.078 1 8.703

4 9.740 4 9.373 4 9.050 2 8.678

8 9.658 8 9.353 8 9.038 4 8.661

15 9.632 15 9.342 15 9.028 8 8.648

30 9.618 30 9.332 30 9.018 15 8.640

60 9.572 60 9.324 60 9.001 30 8.631

120 9.570 120 9.314 120 8.990 60 8.620

180 9.566 180 9.308 240 9.980 120 8.607

360 9.563 965 9.287 428 8.974 990 8.558

149.2 kPa 295.1 kPa 513.9 kPa

Time Reading Time Reading Time Reading
(min) (mm) (min) (mm) (min) (mm) (all readings were taken from

0 8.558 0 8.198 0.01 7.716 the deflection dial gauges)
0.1 8.420 0.1 7.950 0.1 7.480

0.25 8.384 0.25 7.882 0.25 7.455

0.5 8.346 0.5 7.850 0.5 7.434

1 8.320 1 7.831 1 7.415

2 8.298 2 7.812 2 7.397

4 8.274 4 7.794 4 7.375

8 8.262 8 7.782 8 7.363

15 8.250 15 7.770 15 7.352

30 8.241 30 7.760 30 7.342

60 8.231 60 7.750 60 7.330

120 8.213 120 7.742 120 7.322

240 8.206 937 7.716 180 7.314

500 8.198 240 7.300
500 7.295
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Consolidation Tests No.2 (Sept., 1991)

Initial height (em) 3.168 Mass of soil (g) 164.73

Area (em"2) 32.02 Final height (em) 2.805

10.0 kPa 19.9 kPa 39.8 kPa 79.5 kPa

Time Reading Time Reading Time Reading Time Reading
(min) (mm) (min) (mm) (min) (mm) (min) (mm)
0 11.262 0 10.006 0 9.662 0 9.345

0.25 10.863 0.25 9.915 0.25 9.555 0.1 9.200

0.5 10.824 0.5 9.880 0.5 9.523 0.25 9.155

1 10.750 1 9.850 1 9.483 0.5 9.110

2 10.663 2 9.806 2 9.452 1 9.071

4 10.520 4 9.769 4 9.432 2 9.047

8 10.408 8 9.751 8 9.416 4 9.024

15 10.270 15 9.738 15 9.403 8 9.011

30 10.050 30 9.720 30 9.390 15 9.000

60 10.025 60 9.711 60 9.371 30 8.987

120 10.020 120 9.701 120 9.357 60 8.974

180 10.009 180 9.697 240 9.350 120 8.968

360 10.006 965 9.662 428 9.345 990 8.917

149.2 kPa 295.1 kPa

Time Reading Time Reading
(min) (mm) (min) (mm) (all readings were taken from

0 8.917 0 8.568 the deflection dial gauges)
0.1 8.805 0.1 8.365

0.25 8.770 0.25 8.322

0.5 8.742 0.5 8.290
1 8.710 1 8.270
2 8.689 2 8.255

4 8.668 4 8.238
8 8.656 8 8.223
15 8.648 15 8.213
30 8.633 30 8.203
60 8.618 60 8.190
120 8.570 120 8.174
240 8.568 937 8.151
500 8.568
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SUMMARY OF CONSOLIDAnON TESTS NO.1 AND NO.2 Ii

Normal No.1 No.2 No.1 No.2 No.1 No.2 No.1 No.2 No.1 No.2 No.1 No.2 No.1 No·7 No.1 No.2 \:.'
Stress Reading Reading dH dH dheell dheell H H e e av av mv mv Cc Cc

�(kPa) (mm) (mm) (em) (em) (mm) (mm) (em) (em) (l/kPa) (l/kPa) (I/kPa) (l/kPa)
1.5 10.400 11.262 0.0000 0.0000 0.0000 0.0000 3.0610 3.0844 0.5769 0.6068

10.0 9.563 10.006 -0.0837 -0.1256 0.0000 0.0000 2.9773 2.9588 0.5338 0.54l3 5.07E-3 7.70E-3 3.3IE-3 4.99E-3 5.23E-2 7.94E-2

19.9 9.287 9.662 -0.1111 -0.1590 0.0020 0.0100 2.9499 2.9254 0.5197 0.5239 l.43E-3 l.76E-3 9.38E-4 l.15E-3 4.72E-2 5.82E-2

39.8 8.974 9.345 -0.1406 -0.1906 0.0200 0.0110 2.9204 2.8938 0.5045 0.5075 7.64E-4 8.27E-4 5.08E-4 5.49E-4 5.05E-2 5.47E-2

79.5 8.558 8.917 -0.1787 -0.2312 0.0550 0.0330 2.8823 2.8532 0.4849 0.4863 4.94E-4 5.33E-4 3.33E-4 3.58E-4 6.53E-2 7.04E-2

149.2 8.198 8.568 -0.2101 -0.2640 0.1010 0.0540 2.8509 2.8204 0.4687 0.4692 2.32E-4 2.45E-4 1.58E-4 1.67E-4 5.92E-2 6.25E-2

295.1 7.716 8.151 -0.2512 -0.2976 0.1720 0.1350 2.8098 2.7868 0.4475 0.4517 1.45E-4 1.20E-4 1.00E-4 8.26E-5 7.15E-2 5.91E-2

513.9 7.295 -0.2854 0.2510 2.7756 0.4299 8.05E-5 5.63E-5 7.31E-2

295.1 7.295 8.151 -0.2855 -0.2976 0.2500 0.2050 2.7755 2.7868 0.4298 0.4517 5.30E-5 3.70E-5 2.61E-2

149.2 7.445 8.151 -0.2705 -0.2976 0.2500 0.2050 2.7905 2.7868 0.4376 0.4517 1.18E-5 1.27E-5 8.23E-6 8.75E-6 3.0IE-3 3.24E-3
N79.5 7.461 8.168 -0.2689 -0.2959 0.2500 0.2040 2.7921 2.7885 0.4384 0.4526 1.01E-4 3.02E-5 7.04E-5 2.08E-5 1.34E-2 3.99E-3
-...l
0039.8 7.539 8.191 -0.2611 -0.2936 0.2500 0.1980 2.7999 2.7908 0.4424 0.4538 1.16E-4 7.85E-6 8.08E-5 5.40E-6 7.70E-3 5.19E-4

19.9 7.584 8.194 -0.2566 -0.2933 0.2500 0.1920 2.8044 2.7911 0.4447 0.4540 8.33E-5 2.74E-4 5.76E-5 1.88E-4 2.76E-3 9.06E-3

10.0 7.650 8.196 -0.2550 -0.2881 0.2000 0.1910 2.8060 2.7963 0.4455 0.4567 4. 12E-5 3.44E-4 2.85E-5 2.36E-4 6.85E-4 5.71E-3

5.0 7.677 8.206 -0.2546 -0.2848 0.1770 0.1810 2.8064 2.7996 0.4458 0.4584 9.71E-4 2.44E-3 6.72E-4 1.67E-3 6.50E-3 1.63E-2

1.5 7.788 8.325 -0.2480 -0.2684 0.1320 0.1430 2.8130 2.8160 0.4492 0.4670

Final 3.0610 3.0844
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Figure A - 1 Void ratio versus effective stress data from consolidation tests
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Loading = 10.7 kPa Loading = 21.7 kPa Loading = 43.5 kPa
Time Head Time Head Time Head

(min) (em) (min) (em) (min) (em)
0 78.50 0 81.40 0 82.10
0.1 73.30 0.1 78.90 0.1 79.30
0.25 72.50 0.25 78.50 0.25 78.90
0.5 71.40 0.5 77.80 0.5 78.30
1 69.80 1 76.40 1 77.00
2 66.75 2 73.70 2 74.70
4 61.60 4 68.70 4 70.15

7 54.60 7 61.90 7 63.95
10 48.50 10 55.80 10 58.30

15 39.50 15 46.80 15 50.10

20 32.75 20 39.30 20 42.80

25 27.30 25 33.15 25 36.75

30 22.80 30 28.00 30 31.65

35 19.15 35 23.85 35 27.40

Loading = 79.8 kPa Loading = 156.9 kPa Loading = 319.6 kPa

Time Head Time Head Time Head

(min) (em) (min) (em) (min) (em)
0 83.70 0 84.10 0 84.80

0.1 81.00 0.1 81.50 0.1 82.40

0.25 80.80 0.25 81.20 0.25 82.10

0.5 80.10 0.5 80.70 0.5 82.50

1 79.10 1 79.80 1 80.90

2 76.90 2 78.00 2 79.30

4 72.90 4 74.40 4 76.20

7 67.10 7 71.00 7 71.90

11 60.40 10 66.20 10 67.80

15 54.25 15 58.95 15 61.45

20 47.35 20 51.30 20 55.80

25 41.40 25 46.60 26 49.70

30 36.30 30 41.50 30 45.90

35 31.95 35 37.00 35 42.15

40 28.10 40 33.10 40 37.80

45 29.60 45 34.40

50 31.40

55 28.50

60 26.10
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Falling Head Permeability Test No.1 10/8/91

Loading Reading dL L e K k

(kPa) (mm) (mm) (mm) (m/s)
1.0 8.114 4.506 34.486 0.6668 -0.036093 3.976E-08
1.0 8.084 4.430 34.410 0.6631 -0.031693 3.479E-08
5.4 7.519 2.995 32.975 0.5938 -0.017610 1.852E-08
10.7 7.306 2.454 32.434 0.5676 -0.016786 1.737E-08

21.7 7.012 1.707 31.687 0.5315 -0.014991 1.515E-08

43.5 6.786 1.133 31.113 0.5038 -0.013294 1.319E-08

79.8 6.616 0.701 30.681 0.4829 -0.011584 1.133E-08

156.9 6.419 0.201 30.181 0.4587 -0.009832 9.464E-09

319.6 6.216 -0.315 29.665 0.4338 -0.008391 7.941E-09

Final 6.340 0.000 29.980 0.4488

Loading = 1.0kPa Loading = 1.0 kPa Loading = 5.4 kPa

Time Head Time Head Time Head

(min) (em) (min) (cm) (min) (em)
0 38.50 0 39.15 0 49.20

0.1 25.10 0.1 22.30 0.1 45.00

0.25 22.60 0.25 20.50 0.25 43.90

0.5 21.80 0.5 19.90 0.5 43.20

1 20.70 1 18.80 1 42.00

2 18.90 2 17.00 2 39.90

4 15.80 4 14.25 4 36.40

8 11.80 7 11.15 10 28.20

15 8.50 10 9.10 15 23.05

30 6.05 15 7.20 20 18.90

20 6.30 25 15.55

25 5.60 30 12.90

30 5.05 35 10.80
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Falling Head Permeability Test No.2 10/8/91

Loading Reading elL L e K k

(kPa) (rnrn) (mm) (mm) (m/s)
1.0 9.516 3.526 33.986 0.6092 -0.013327 1.445E-08

1.0 9.510 3.520 33.980 0.6089 -0.011842 1.283E-08

5.4 8.570 2.580 33.040 0.5644 -0.015301 1.613E-08

10.9 8.185 2.195 32.655 0.5462 -0.014835 1.546E-08

21.7 7.696 1.706 32.166 0.5230 -0.013574 1.393E-08

43.4 7.208 1.218 31.678 0.4999 -0.012184 1.231E-08

76.8 6.803 0.813 31.273 0.4807 -0.010637 1.06IE-08

153.2 6.283 0.293 30.753 0.4561 -0.009255 9.083E-09

310.8 5.756 -0.234 30.226 0.4312 -0.007962 7.676E-09

Final 5.990 0.000 30.460 0.4422

Loading = 1.0 kPa Loading = 1.0 kPa Loading = 5.4 kPa

Time Head Time Head Time Head

(min) (em) (min) (ern) (min) (em)
0 39.50 0 39.00 0 50.40

0.1 28.30 0.1 27.60 0.1 46.30

0.2 27.40 0.25 26.85 0.25 46.00

0.5 26.80 0.5 26.30 0.5 45.50

1 26.20 1 26.00 1 44.60

2 25.20 2 25.05 2 42.90

4 23.50 4 23.90 4 39.80

8 21.10 7 21.40 7 35.60

15 17.20 10 19.80 10 31.95

30 11.60 15 17.40 15 26.75

20 15.35 20 22.50

25 13.40 26 18.35

30 11.90 31 15.50

35 13.60

282

.�-------------.



_
.....

-

Loading = 10.9 kPa Loading = 2l.7 kPa Loading = 43.4kPa

Time Head Time Head Time Head

(min) (em) (min) (em) (min) (em)
0 80.90 0 81.60 0 83.20

0.1 .76.10 0.1 77.70 0.1 79.70

0.25 75.30 0.25 77.30 0.25 79.30

0.5 74.60 0.5 76.70 0.5 78.80

1 73.30 1 75.50 1 77.70

2 70.70 2 73.10 2 75.50

4 65.95 4 68.55 4 71.30

7 59.45 7 62.30 7 65.55

10 53.60 10 56.85 10 60.30

15 45.25 15 48.70 16 50.95

20 38.10 20 41.60 20 45.60

25 32.15 25 35.65 25 39.60

30 27.20 30 30.45 30 34.45

35 23.10 35 26.10 35 29.90

Loading = 76.8 kPa Loading = 153.2 kPa Loading = 310.8 kPa

Time Head Time Head Time Head

(min) (em) (min) (em) (min) (em)
0 85.25 0 86.40 0 85.10

0.1 81.70 0.1 82.70 0.1 81.80

0.25 81.40 0.25 82.70 0.25 81.50

0.5 80.90 0.5 82.20 0.5 81.10

1 79.95 1 81.30 1 80.30

2 77.90 2 79.50 2 78.95

4 74.10 4 76.10 4 76.00

7 68.75 7 69.80 7 71.90

10 63.80 11 65.40 10 68.00

15 56.50 15 60.10 15 62.05

20 50.10 20 54.10 20 56.70

25 44.35 25 48.90 25 51.80

30 39.25 30 43.70 30 47.30

35 34.70 35 39.25 35 43.15

40 30.75 40 35.30 40 39.30

45 31.70 46 35.20

50 32.75

55 29.80

283

----------------�.



\ l

1'..r-

�
§.
U)

�

>.
==
:0
ctI
Q)
E

N ....

Q)00 0-

10-8� (5
-

c::
Q)
'0
:E
Q)
0
0
"C
Q)
-

�
::l
-

ctI
en

Figure A - 2 Saturated coefficient of permeability versus void ratio data from falling head

permeability tests
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Steady-state, Controlled Head Permeability Test (Dec., 1991)

Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (em) (min) (em)
0 50.30 0 48.90
30 38.90 30 38.55
60 30.25 60 30.30
90 23.30 90 23.80
120 18.10 120 18.70
240 6.80 240 7.50
360 4.15 360 3.65

K= 0.00834 /min K= 0.00782 /min
k= 2.095E-8 m/s k= 1.965E-8 m/s

Pressure e Qin Qout dh dt Ls ks

(kPa) (ee) (ee) (em) (sec) (em) (m/s)
12.5 0.5329 3.906 3.906 29.65 3600 2.019 2.360E-8

25 0.5166 4.056 4.126 31.45 3600 1.997 2.258E-8

50 0.4993 3.962 3.980 34.13 3600 1.975 1.710E-8

100 0.4803 3.476 3.554 34.55 3600 1.949 1.279E-8

200 0.4605 2.423 2.517 36.17 3600 1.923 6.496E-9

400 0.4372 1.885 1.945 36.92 3600 1.893 4.358E-9
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CALmRATION DATA FOR THE TRIAXIAL PERMEAMETER



APPENDIX B

Calibration Dat for Pressure Transducers (Sept., 91)

Pressure P.A.P. P.w.P. CELL

(kPa) Reading Reading Reading
0 64.7 2.4 -2.4

10 102.5 22.0 17.1

20 136.7 39.1 34.2 Pore-water pressure transducer:

30 174.6 58.6 56.0

40 211.2 78.1 70.8 Pressure = 027558 Reading -18.18 (kPa)
50 247.8 95.2 87.9 R"2 = 0.99998 (0 - 100 kPa)
60 284.4 112.3 107.4

70 321.1 129.4 124.5

80 357.7 146.5 144.0 Pore-air pressure transducer:
90 394.3 166.0 158.7

100 428.5 183.1 178.2 Pressure = 055606 Reading - 2.20 (kPa)
125 518.8 224.6 222.2 R"2 = 0.99964 (0 - 200kPa)
150 609.2 271.0 266.1

175 699.5 317.4 312.5

200 792.3 361.3 358.9 Cell pressure transducer:

250 974.1 451.7 451.7

300 1157.2 539.6 542.0 Pressure = 0.55522 Reading + 0.79 (kPa)
350 1337.9 629.9 627.4 R"2 = 0.99997 (0 - 500kPa)
400 1518.6 720.2 720.2

450 1696.8 810.5. 808.1

500 1877.4 898.4 898.4

Data for Leakage Observations (Oct., 91 to Dec., 91)

Different measures were taken to reduce the leakage.
The use of very tight O-rings was found to be the best way.

The data for tight O-rings are as follows:

Date dt Q Cell Pres. P.w.P. Leakage

(hour) (cc) (kPa) (kPa) (cc/day)
Dec., 7 139.5 1.450 230 30 0.249

Dec., 13 148.0 1.245 230 30 0.202

Dec., 19 112.5 0.665 230 30 0.142

Leakage Range: 0.14 - 0.25 cclday

Corresponding coefficient of permeability:

k = Q/iAt = 0.25/(20 x 81.07 x 86400)/100 = 1.78 x 10"-11 (rn/s)
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Actual A B C
Distance Reading Reading Reading
(mm)

1 0.346 0.221 0.001
2 1.086 0.874 1.119
3 1.844 1.554 2.126
4 2.573 2.218 3.069
5 3.282 2.851 4.018
6 3.975 3.466 5.115

A: Distance == 1.3742 Reading + 0.498 (mm) R"2= 0.9997

B: Distance == 1.5618 Reading + 0584 (mm) R"2= 0.9995

c: Distance == 0.9940 Reading + 0.941 (mm) R"2= 0.9992

Calibration Data for Non-Contacting Strain Transducers (Sept., 1991)

Calibration Data for Differential PRessure Transducer (Sept., 1991)

Left Right dh Reading
(em) (em) (cm)
9.2 11.2 -2.0 21.973
12.1 11.3 0.8 17.578
19.2 11.5 7.7 6.226
29.4 11.9 17.5 -10.010
40.1 12.2 27.9 -26.855 dh = -1.65693 Reading + 19.19 (em)
50.6 12.6 38.0 -43.579
60.2 13.0 47.2 -58.716 R"2 = 0.99997
71.2 13.4 57.8 -76.028
80.6 13.8 66.8 -90.942
91.7 14.2 77.5 -108.765
100.0 14.5 85.5 -122.192
110.1 14.8 95.3 -138.550
120.0 15.2 104.8 -154.419
130.0 15.5 114.5 -171.021
129.5 5.0 124.5 -187.622
110.6 4.5 106.1 -156.982
90.0 4.0 86.0 -123.413
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APPENDIX C

STEADY-STATE, CONTROLLED HEAD PERMEABILITY TEST RESULTS

ON UNSATURATED SPECIMENS OF THE SELECTED SOIL
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APPENDIX C

In a steady-state, controlled head permeability test, the calculation of the

coefficient of permeability is as follows:

where: ks = saturated coefficient of permeability (cm/s)

L, = length of soil sample (em)

As = cross section area of soil sample (81.07 cm-)

fl.h = average differential head, is defIned as fM(t)dt/(t2 - t1) (em)

Qave = mean value of inflow volume and outflow volume, (Qin + QOuJ)/2 (em')
fl.t = time interval (sec)

Lup = length of the upper high air entry disc (1.031 em)

Aup = cross section area of the upper high air entry disc (60 cm-)

kup = coefficient of permeability of the upper high air entry disc (ern/sec)

Llow = length of the lower high air entry disc (1.038 em)

A/ow = cross section area of the lower high air entry disc (60 cm-)

k10w = coefficient of permeability of the lower high air entry disc (ern/sec).

Both the inflow volume, Qin' and outflow volume, QouJ' should take into account

the volume of the diffused air, Vcia' and the deformation of the differential pressure

transducer, Vdpt' That is,

Qin = Qreading(ill) + Vda(ill) + V
tipt

QOlll = Qreadillg(out) - V
da(out)

- V
dp:
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FlexibleWall Permeability Test No.1 (FWPTl)

Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (cm) (min) (cm)
0 54.50 0 56.80

30 41.50 30 43.80

60 31.75 K = 0.00885 /min 60 33.90 K= 0.00843 /min
90 24.35 k = 2.22E-8 m/s 90 26.05 k = 2. 12E-8 m/s
120 18.60 120 20.30

240 6.50 240 7.50

360 2.50 360 2.95

480 1.20 480 1.35

Initial volume (cc) N/A Initial void ratio, ei N/A
Consolidated volume (cc) N/A Consolidated void ratio, ec N/A
Final volume (cc) N/A Final void ratio, ef N/A
Mass of soil particles (g) N/A Final mass of water (g) N/A
dVt during consolidation (cc) 6.38 Consolidation pressure (kPa) 10

(Calculated from Qin and Qout) (Volume-mass properties have been lost)

Date Time Ucell Ua Uw Ls dh Qin Qout dVsoil k

(dimly) (min) (kPa) (kPa) (kPa) (cm) (em) (cc) (cc) (cc) (m/s)
21/11/91 60 40.8 30.8 30.8 1.980 20.055 2.635 2.660 8.092 2.147E-8

22/11/91 60 50.9 40.9 30.8 1.975 24.770 3.160 3.185 1.208 1.995E-8

22/11/91 100 60.8 50.9 30.9 1.974 21.850 3.440 3.560 0.287 1.129E-8

23/11/91 200 71.0 61.0 30.9 1.971 19.416 2.235 2.305 0.654 2.803E-9

25/11/91 1140 81.5 71.5 31.4 1.970 15.439 3.786 3.938 0.287 9.435E-1O

28/11/91 800 91.5 81.5 31.5 1.969 22.158 2.548 2.627 0.193 6.147E-I0

(Upper high air entry disc broke.)

Note: dVsoil is estimated from the data of non-contacting strain transducers.
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FlexibleWall Permeability Test No.2 (FWPf2)
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Upper higb air entry disc Lower high air entry disc

Time Head Time Head

(min) (cm) (min) (cm)
0 49.75 0 52.40
40 33.50 40 37.70
80 22.55 K = 0.00983 /min 80 27.15 K= 0.00815 /min
120 15.20 k = 2.47E-8 mls 120 19.60 k = 2.05E-8 mls
240 4.70 240 7.40

360 1.65 360 2.85

480 1.15 480 1.35

Initial volume (cc) 217.86 Initial void ratio, ei 0.6456
Consolidated volume (cc) 203.32 Consolidated void ratio, ec 0.5358
Final volume (cc) 201.48 Final void ratio, ef 0.5219

Mass of soil particles (g) 354.80 Final mass of water (g) 34.00

dVt during consolidation (cc) 14.54 Consolidation pressure (kPa) 10

(Calculated from Qin and Qout)

Date Time Ucell Ua Uw Ls dh Qin Qout dVsoil k

(dimly) (min) (kPa) (kPa) (kPa) (cm) (cm) (cc) (cc) (cc) (m/s)
7/1/92 100 41.2 30.9 30.8 2.508 12.503 2.201 2.216 21.575 1.667E-8

8/1/92 90 51.8 41.7 31.5 2.506 10.319 1.614 1.654 0.384 1.654E-8

8/1/92 100 62.0 5l.8 31.8 2.501 1l.822 2.093 2.073 1.319 1.654E-8

9/1/92 180 71.7 61.2 3l.4 2.501 18.680 2.011 2.071 -0.015 3.697E-9

13/1/92 1480 81.5 7l.3 31.5 2.499 12.794 5.284 5.404 0.389 1.564E-9

18/1/92 1200 91.2 80.7 30.8 2.497 28.212 3.476 3.496 0.546 5.430E-I0

23/1/92 1800 10l.5 9l.5 31.6 2.497 37.910 4.079 4.054 0.162 3.l06E-1O

30/1/92 2700 116.4 106.3 3l.5 2.497 43.110 3.607 3.581 -0.051 1.598E-1O

8/2/92 2960 131.2 121.1 31.2 2.497 42.931 2.644 2.403 -0.035 1.025E-1O

Note: dVsoil is estimated from the data of non-contacting strain transducers.
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Flexible Wall Permeability Test No.3 (FWPT3)

Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (cm) (min) (cm)
0 46.70 0 48.55

30 34.95 30 37.10
60 26.30 K = 0.00952 /min 60 28.50 K:::: 0.00885 /min
90 19.60 k = 2.39E-8 m/s 90 21.80 k :::: 2.22E-8 m/s
120 14.80 120 16.65

240 4.75 240 5.80

360 1.80 360 2.30

Initial volume (cc) 199.68 Initial void ratio. ei 0.6418

Consolidated volume (cc) 184.15 Consolidated void ratio, ec 0.5141
Final volume (cc) 184.10 Final void ratio, ef 0.5137

Mass of soil particles (g) 325.95 Final mass of water (g) 31.41

dVt during consolidation (cc) 15.53 Consolidation pressure (kPa) 25

(Calculated from Qin and Qout)

Date Time Vcell Va Vw Ls dh Qin Qout dVsoil k

(dIm/y) (min) (kPa) (kPa) (kPa) (cm) (em) (cc) (cc) (cc) (m/s)
18/2/92 60 55.7 30.8 30.8 2.271 18.983 2.081 2.121 22.879 1.595E-8

18/2/92 70 66.3 41.7 30.8 2.268 22.980 2.896 2.886 0.903 1.519E-8

19/2/92 80 76.2 51.1 31.0 2.266 26.928 3.726 3.761 0.479 1.429E-8

19/2/02 80 86.6 61.2 30.9 2.265 44.760 3.046 3.041 0.194 5.022E-9

21/2/92 242 96.6 71.3 31.1 2.264 43.262 3.777 3.772 0.334 1.844E-9

25/2/92 490 106.7 81.4 31.5 2.263 36.709 3.779 3.758 0.115 1.029E-9

2/3/92 660 116.4 91.2 31.4 2.263 46.388 2.562 2.538 0.094 3.957E-I0

9/3/92 1500 131.2 106.3 31.5 2.262 47.753 2.965 3.038 0.149 1.969E-1O

18/3/92 2880 146.1 121.1 30.9 2.262 47.677 3.288 3.207 -0.035 1.107E-I0

Note: dVsoil is estimated from the data of non-contacting strain transducers.
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FlexibleWall Permeability Test No.4 (FWPT4)

Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (em) (min) (em)
0 49.60 0 51.75
30 38.40 30 40.50
60 29.50 K = 0.00856 /min 60 31.60 K= 0.00813 /min
90 22.80 k = 2.15E-8 m/s 90 24.65 k = 2.04E-8 m/s
120 17.80 120 19.40
240 6.35 240 7.35
480 1.15 480 1.40

Initial volume (cc) 200.09 Initial void ratio, ei 0.6515
Consolidated volume (cc) 182.60 Consolidated void ratio, ec 0.5071
Final volume (cc) 182.01 Final void ratio, ef 0.5023
Mass of soil particles (g) 324.70 Final mass of water (g) 32.13

dVt during consolidation (cc) 17.50 Consolidation pressure (kPa) 50

(Calculated from Qin and Qout)

Date Time Ucell Ua Uw Ls dh Qin Qout dVsoil k

(dimly) (min) (kPa) (kPa) (kPa) (em) (cm) (cc) (cc) (cc) (m/s)
20/3/92 60 81.4 31.2 31.2 2.252 24.983 2.034 2.114 25.791 1.033E-8

20/3/92 90 91.6 41.7 31.5 2.248 29.544 3.366 3.581 1.041 9.4lOE-9

20/3/92 120 101.5 51.8 32.0 2.247 33.016 5.112 5.233 0.221 9397E-9

21/3/92 90 110.9 61.2 31.0 2.246 30.589 2.169 2.319 0.386 4.847E-9

23/3/92 300 121.8 71.3 31.6 2.245 37.077 4.249 4.239 0.188 1.967E-9

28/3/92 750 131.2 S1.2 31.5 2.245 44.095 4.984 5.000 -0.077 7.268E-lO

2/4/92 1200 141.6 91.4 31.7 2.245 43.952 4.388 4.342 0.077 3.90SE-I0

10/4/92 2160 156.4 106.3 31.4 2.245 47.950 4.627 4.550 -0.077 2.070E-lO

21/4/92 2640 171.7 121.1 31.5 2.245 53.050 3.545 3.464 0.000 1.163E-1O

Note: dVsoil is estimated from the data of non-contacting strain transducers.
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FlexibleWall Permeability Test No. S (FWPfS)

�

�

Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (cm) (min) (em)
0 53.35 0 52.20

30 40.60 30 40.10

80 26.05 K = 0.00900 /min 80 25.70 K= 0.00874 /min
120 18.10 k = 2.26E-8 mls 120 18.25 k= 2.20E-8 mls
240 6.15 240 6.40

360 2.25 360 2.35

480 1.00 480 1.15

Initial volume (cc) 212.99 Initial void ratio, ei 0.6384

Consolidated volume (cc) 192.08 Consolidated void ratio, ec 0.4776

Final volume (cc) 192.86 Final void ratio, ef 0.4836

Mass of soil particles (g) 348.39 Final mass of water (g) 34.42

dVt during consolidation (cc) 20.90 Consolidation pressure (kPa) 100

(Calculated from Qin and Qout)

Date Time Ucell Ua Uw Ls dh Qin Qout dVsoil k

(dimly) (min) (kPa) (kPa) (kPa) (ern) (cm) (cc) (cc) (cc) (m/s)
22/4/92 100 131.2 30.8 30.8 2.369 23.918 2.422 2.487 27.406 6.799E-9

22/4/92 130 151.2 51.1 31.3 2.364 28.255 3.732 3.807 1.275 6.784E-9

23/4/92 120 161.2 61.2 31.5 2.362 33.383 3.119 3.299 0.522 4.903E-9

26/4/92 240 171.8 71.9 32.2 2.362 41.730 3.094 3.134 0.083 1.64)E-9
2/5/92 720 181.3 81.4 31.8 2.362 45.284 3.968 3.912 -0.036 6.056E-10

7/5/92 1440 191.2 91.3 31.6 2.361 43.590 4.172 4.005 0.119 3.216E-I0

15/5/92 2400 206.5 106.3 31.2 2.362 46.422 3.468 3.374 -0.155 1.503E-I0

24/5/92 3240 221.7 121.5 32.2 2.361 50.616 3.218 3.064 0.155 9.344E-ll

Note: dVsoil is estimated from the data of non-contacting strain transducers.
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FlexibleWall Permeability Test No.6 (FWPT6)

Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (em) (min) (em)
0 54.60 0 53.85
30 41.10 30 42.00
60 30.80 K = 0.00946 /rnin 60 32.60 K= 0.00821 /min
90 23.20 k = 2.38E-8 m/s 90 25.55 k = 2.06E-8 m/s
120 17.35 120 19.95
240 5.65 240 7.50
360 2.05 360 2.90

Initial volume (cc) 204.08 Initial void ratio, ei 0.6465
Consolidated volume (cc) 181.99 Consolidated void ratio, ec 0.4683
Final volume (cc) 181.77 Final void ratio, ef 0.4665
Mass of soil particles (g) 332.18 Final mass of water (g) 33.41
dVt during consolidation (cc) 22.09 Consolidation pressure (kPa) 200

(Calculated from Qin and Qout)

Date Time Ucell Ua Uw Ls db Qin Qout dVsoil k

(dlm/y) (min) (kPa) (kPa) (kPa) (em) (em) (cc) (cc) (cc) (m/s)
16/7/92 120 231.3 31.2 31.2 2.245 22.953 2.619 2.724 29.318 5.989E-9

17/7/92 120 261.3 61.2 30.9 2.240 24.478 2.738 2.838 1.275 5.805E-9

18/7/92 240 271.9 71.3 31.5 2.237 24.900 2.630 2.680 0.522 2.311E-9

26/4/92 540 281.4 81.4 31.8 2.237 27.582 3.126 2.986 0.083 9.969E-1O

25/7/92 1822 291.6 91.5 31.2 2.237 34.288 6.028 5.874 -0.036 4.493E-1O

3/8/92 1860 307.1 106.6 32.0 2.237 41.280 3.314 3.226 0.119 1.980E-1O

12/8/92 2860 320.6 121.7 32.2 2.224 44.186 3.468 3.233 3.062 1.221E-I0

Note: dVsoil is estimated from the data of non-contacting strain transducers.
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RigidWall Permeability Test No.1 (RWPTl)

Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (cm) (min) (cm)
0 48.45 0 50.60

20 40.55 20 42.70

40 33.90 K = 0.00881 /min 40 36.05 K= 0.00845 /min
60 28.50 k = 2.21E-8 m/s 60 30.30 k= 2.12E-8 m/s
90 21.65 90 23.55

120 16.70 120 18.35

240 5.85 240 6.65

Initial volume (cc) 186.04 Initial void ratio, ei 0.6488

Consolidated volume (cc) 172.69 Consolidated void ratio, ec 0.5305

Final volume (cc) 171.81 Final void ratio, ef 0.5227

Mass of soil particles (g) 302.39 Final mass of water (g) 31.63

dVt during consolidation (cc) 13.35 Consolidation pressure (kPa) 12.5

(Calculated from Qin and Qout)

Date Time Vcell Va Vw Ls db Qin Qout dVsoil k

(dimly) (min) (kPa) (kPa) (kPa) (ern) (em) (cc) (cc) (cc) (m/s)
23//2/93 61 43.5 JO.8 30.8 2.083 19.286 2.415 2.435 N/A 1.904E-8

24/2/93 60 52.8 40.3 30.1 2.083 19.023 2.200 2.330 N/A 1.754E-8

27/2/93 340 83.7 71.3 31.6 2.083 23.420 3.110 3.260 N/A 1.874E-9

5/3/93 1480 123.8 111.2 31.5 2.083 33.562 2.170 2.210 N/A 1.868E-I0
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RigidWall Permeability Test No.2 (RWPT2)

Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (cm) (min) (cm)
0 52.30 0 51.75

30 39.70 30 40.40

60 30.00 K = 0.00913 Imin 60 31.70 K= 0.00816 Imin
100 20.85 k = 2.29E-8 m/s 100 22.65 k = 2.05E-8 mls
120 17.35 120 19.35

240 5.85 240 7.30

360 2.30 360 2.95

Initial volume (cc) 176.62 Initial void ratio, ei 0.6434

Consolidated volume (cc) 163.48 Consolidated void ratio, ec 0.5212

Final volume (cc) 162.76 Final void ratio, ef 0.5145

Mass of soil particles (g) 288.02 Final mass of water (g) 30.28

dVt during consolidation (cc) 13.13 Consolidation pressure (kPa) 25

(Calculated from Qin and Qout)

Date Time Ucell Ua Uw Ls db Qin Qout dVsoil k

(dlm/y) (min) (kPa) (kPa) (kPa) (cm) (cm) (cc) (cc) (cc) (m/s)

10/3/93 60 56.5 31.3 31.3 1.972 18.921 2.260 2.330 N/A 1.731E-8

11/3/93 60 76.8 51.7 31.9 1.972 20.045 2.250 2.340 N/A 1.534E-8

13/3/93 300 96.4 71.3 31.0 1.972 21.488 2.350 2.430 N/A 1.630E-9

21/3/93 1320 137.7 112.3 32.1 1.972 31.680 1.640 1.770 N/A 1.634E-1O
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Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (cm) (min) (cm)
0 51.65 0 50.35

35 36.55 35 37.30
60 28.40 K = 0.00985 /min 60 30.15 K= 0.00846 /min
90 21.20 k = 2.47E-8 m/s 90 23.45 k= 2.12E-8 m/s
120 15.80 120 18.20

240 4.85 240 6.60

480 0.95 480 1.30

r
! RigidWall Permeability Test NO.3 (RWPT3)

I
I

I
I

I

Initial volume (cc) 166.02 Initial void ratio, ei 0.6511

Consolidated volume (cc) 150.95 Consolidated void ratio, ec 0.5013

Final volume (cc) 150.73 Final void ratio, ef 0.4991

Mass of soil particles (g) 269.47 Final mass of water (g) 29.15

dVt during consolidation (cc) 15.06 Consolidation pressure (kPa) 50

(Calculated from Qin and QOUl)

Date Time Ucell Ua Uw Ls dh Qin Qout dVsoil k

(d/m/y) (min) (kPa) (kPa) (kPa) (cm) (cm) (cc) (cc) (cc) (m/s)

25/3/93 60 81.1 30.8 30.8 1.821 18.558 1.980 2.030 N/A 1.205E-8

25/3/93 60 101.7 51.7 31.6 1.821 19.792 2.000 2.040 N/A 1.088E-8

29/3/93 360 121.1 71.3 31.5 1.821 22.762 3.790 3.970 N/A 1.968E-9

4/4/93 1630 162.5 112.3 32.1 1.821 31.975 2.480 2.610 N/A 1.81OE-1O
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RigidWall Permeability Test No.4 (RWPT4)

.
Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (em) (min) (em)
0 49.25 0 51.40

30 37.30 30 40.20

70 25.90 K = 0.00920 /min 70 28.85 K= 0.00818 /min
90 21.55 k = 2.31E-8 m/s 90 24.50 k = 2.05E-8 m/s
125 15.65 125 18.45

220 6.50 220 8.50

420 1.35 420 1.85

Initial volume (cc) 183.61 Initial void ratio, ei 0.6365

Consolidated volume (cc) 166.97 Consolidated void ratio, ee 0.4882

Final volume (ee) 166.07 Final void ratio, ef 0.4802

Mass ofsoil particles (g) 300.68 Final mass of water (g) 30.43

dVt during consolidation (cc) 16.64 Consolidation pressure (kPa) 100

(Calculated from Qin and Qout)

Date Time Ucell Ua Uw Ls dh Qin Qout dVsoil k

(dimly) (min) (kPa) (kPa) (kPa) (cm) (ern) (ee) (cc) (ec) (m/s)

8/4/93 60 131.6 31.2 31.2 2.014 20.984 1.670 1.740 N/A 8.540E-9

8/4/93 80 152.5 51.9 31.7 2.014 23.829 2.430 2.490 N/A 7.930E-9

11/4/93 360 171.1 71.3 31.4 2.014 23.275 4.170 4.260 N/A 2.349E-9

18/4/93 1380 212.4 112.1 32.1 2.014 37.326 2.470 2.530 N/A 1.991E-1O
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RigidWall Permeability Test No.5 (RWPTS)

Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (cm) (min) (cm)
0 51.90 0 53.15

30 38.85 30 40.85

60 28.90 K = 0.00962 /min 60 31.55 K= 0.00865 Imin
90 21.65 k = 2.42E-8 mls 90 24.20 k= 2. 17E-8 mls
120 16.25 120 18.80

240 5.15 240 6.65

480 0.85 480 1.10

Initial volume (cc) 189.30 Initial void ratio, ei 0.6480

Consolidated volume (cc) 167.91 Consolidated void ratio, ec 0.4618

Final volume (cc) 168.52 Final void ratio, ef 0.4671

Mass of soil particles (g) 307.84 Final mass ofwater (g) 35.32

dVt during consolidation (cc) 21.39 Consolidation pressure (kPa) 200

(Calculated from Qin and Qout)

Date Time Ucell Ua Uw Ls dh Qin Qout dVsoil k

(dimly) (min) (kPa) (kPa) (kPa) (cm) (cm) (cc) (cc) (cc) (m/s)

21/4/93 60 231.3 31.1 31.1 2.025 27.682 1.870 1.950 N/A 6.584E-9

22/4/93 50 252.0 51.5 31.4 2.025 28.684 1.610 1.550 N/A 6.202E-9

28/4/93 180 272.8 72.1 32.3 2.025 28.585 3.690 3.790 N/A 3.621E-9

415193 1550 312.0 111.7 31.8 2.025 34.708 3.980 4.110 N/A 3.121E-1O
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RigidWall Permeability Test No.6 (RWPT6)

Upper high air entry disc Lower high air entry disc

Time Head Time Head

(min) (cm) (min) (em)
0 49.30 0 48.85

30 37.70 30 37.90

60 28.70 K = 0.00891 /min 60 29.30 K= 0.00844 /min
90 21.95 k = 2.24E-8 m/s 90 22.75 k = 2. 12E-8 m/s
120 16.85 120 17.50

240 5.80 240 6.45

360 2.25 360 2.40

Initial volume (cc) 181.70 Initial void ratio, ei 0.6379

Consolidated volume (cc) 160.13 Consolidated void ratio, ec 0.4434

Final volume (cc) 160.56 Final void ratio, ef 0.4473

Mass of soil particles (g) 297.31 Final mass of water (g) 31.84

dVt during consolidation (cc) 21.58 Consolidation pressure (kPa) 400

(Calculated from Qin and Qout)

Date Time Veell Va Vw Ls dh Qin Qout dVsoil k

(dimly) (min) (kPa) (kPa) (kPa) (em) (em) (ee) (ee) (ec) (m/s)

1315/93 90 431.1 30.8 30.8 1.932 26.535 1.870 2.010 N/A 4.0 15E-9

13/5/93 100 451.6 51.5 31.2 1.932 31.506 2.440 2.580 N/A 3.917E-9

17/5/93 240 473.1 72.1 32.0 1.932 33.990 4.760 4.850 N/A 2.708E-9

24/5/93 1380 512.4 112.1 31.8 1.932 33.544 2.600 2.620 N/A 2.223E-1O
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APPENDIX D

Pressure Plate Cell Test, PPCTll

Initial volume (cc) 101.69
Consolidated volume (cc) 101.69
Final volume (cc) 92.31
Mass of soil particles (g) 161.08
Initial void ratio, ei 0.6919
Consolidated void ratio. ec 0.6919
Final void ratio, ef 0.5358
Final mass of water (g) 11.05
Pre-consolidation pressure (kPa) 0

Date Time (Ua- Uw) Woverall Vwater e e s

(dimly) (h:m) (kPa) (g) (cc) (cc/cc)

5/12/91 15:20 1 2031.17 39.11 0.6517 0.39396 0.99848

6/12/91 0:00 5 2026.76 34.70 0.5828 0.36475 0.99061

9/12/91 16:50 10 2024.93 32.87 0.5532 0.35211 0.98867

11/12/91 14:10 15 2023.79 31.73 0.5358 0.34374 0.98528

13/12/91 13:10 20 2019.94 27.88 0.5358 0.30203 0.86573

18/12/91 11:44 25 2017.73 25.67 0.5358 0.27809 0.79711

22/12/91 15:00 30 2015.62 23.56 0.5358 0.25523 0.73159

28/12/91 15:00 35 2013.78 21.72 0.5358 0.23530 0.67445

2/1/92 16:15 40 2012.67 20.61 0.5358 0.22327 0.63998

6/1/92 11:40 50 2010.79 18.73 0.5358 0.20291 0.58161

10/1/92 13:30 60 2009.36 17.30 0.5358 0.18742 0.53720

14/1/92 14:40 70 2008.25 16.19 0.5358 0.17539 0.50273

20/1/92 20:30 85 2007.30 15.24 0.5358 0.16510 0.47323

26/1/92 23:10 100 2006.62 14.56 0.5358 0.15773 0.45212

6/2/92 23:30 130 2005.78 13.72 0.5358 0.14863 0.42603

14/2/92 0:00 160 2005.13 13.07 0.5358 0.14159 0.40585

22/2/92 23:20 200 2004.47 12.41 0.5358 0.13444 0.38536

1/3/92 21:40 280 2003.11 11.05 0.5358 0.11971 0.34313
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Pressure Plate Cell Test, PPCT12

Initial volume (cc) 101.44
Consolidated volume (cc) 91.91
Final volume (cc) 91.22
Mass of soil particles (g) 159.92
Initial void ratio, ei 0.7000
Consolidated void ratio, ec 0.5404
Final void ratio, ef 0.5287
Final mass of water (g) 11.08
Pre-consolidation pressure (kPa) 10

Date Time (Ua- Uw) Woverall Vwater e e s

(dimly) (h:m) (kPa) (g) (cc) (cc/cc)

5/12/91 15:20 1 2018.88 32.07 0.5404 0.34890 0.99452
6/12/91 0:00 5 2018.13 31.32 0.5341 0.34213 0.98270
9/12/91 16:50 10 2017.85 31.04 0.5314 0.33967 0.97887
11/12/91 14:10 15 2017.56 30.75 0.5298 0.33685 0.97263

13/12/91 13:10 20 2015.72 28.91 0.5287 0.31693 0.91637
18/12/91 11:44 25 2012.42 25.61 0.5287 0.28075 0.81177

22/12/91 15:00 30 2010.61 23.80 0.5287 0.26091 0.75440

28/12/91 15:00 35 2008.38 21.57 0.5287 0.23646 0.68371

2/1/92 16:15 40 2007.27 20.46 0.5287 0.22429 0.64853

6/1/92 11:40 50 2005.65 18.84 0.5287 0.20653 0.59718

10/1/92 13:30 60 2004.06 17.25 0.5287 0.18910 0.54678

14/1/92 14:40 70 2003.23 16.42 0.5287 0.18000 0.52047

20/1/92 20:30 85 2002.18 15.37 0.5287 0.16849 0.48719

26/1/92 23:10 100 2001.33 14.52 0.5287 0.15918 0.46025

6/2/92 23:30 130 2000.31 13.50 0.5287 0.14799 0.42791

14/2/92 0:00 160 1999.58 12.77 0.5287 0.13999 0.40478

22/2/92 23:20 200 1999.02 12.21 0.5287 0.13385 0.38703

1/3/92 21:40 280 1997.89 11.08 0.5287 0.12146 0.35121
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Pressure Plate Cell Test,

Initial volume (cc)
Consolidated volume (cc)
Final volume (cc)
Mass of soil particles (g)
Initial void ratio, ei
Consolidated void ratio, ec
Final void ratio, ef
Final mass of water (g)
Pre-consolidation pressure (kPa)

PPCT13

101.69
91.54
90.98
160.59
0.6971
0.5276
0.5183
11.15

25

Date Time (Ua - Uw) Woverall Vwater e q S

(dlm/y) (h:m) (kPa) (g) (cc) (cc/cc)

5/12/91 15:20 1 2046.78 31.51 0.5276 0.34424 0.99669

6/12/91 0:00 5 2046.18 31.03 0.5226 0.34010 0.99090

9/12/91 16:50 10 2044.43 30.65 0.5205 0.33641 0.98281

11/12/91 14:10 15 2043.91 30.19 0.5192 0.33164 0.97041

13/12/91 13:10 20 2046.22 29.84 0.5183 0.32799 0.96080

18/12/91 11:44 25 2042.01 25.63 0.5183 0.28171 0.82525

22/12/91 15:00 30 2040.14 23.76 0.5183 0.26116 0.76504

28/12/91 15:00 35 2038.37 21.99 0.5183 0.24170 0.70804

2/1/92 16:15 40 2037.27 20.89 0.5183 0.22961 0.67263

6/1/92 11:40 50 2035.73 19.35 0.5183 0.21269 0.62304

10/1/92 13:30 60 2033.92 17.54 0.5183 0.19279 0.56476

14/1/92 14:40 70 2033.26 16.88 0.5183 0.18554 0.54351

20/1/92 20:30 85 2032.03 15.65 0.5183 0.17202 0.50391

26/1/92 23:10 100 2031.16 14.78 0.5183 0.16246 0.47589

612/92 23:30 130 2029.72 13.34 0.5183 0.14663 0.42953

14/2/92 0:00 160 2028.87 12.49 0.5183 0.13728 0.40216

22/2/92 23:20 200 2028.33 11.95 0.5183 0.13135 0.38477

1/3/92 21:40 280 2027.53 11.15 0.5183 0.12256 0.35901

..
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Pressure Plate Cell Test,

Initial volume (cc)
Consolidated volume (cc)
Final volume (cc)
Mass of soil particles (g)
Initial void ratio, ei
Consolidated void ratio, ec
Final void ratio, ef
Final mass of water (g)
Pre-consolidation pressure (kPa)

PPCT14

1Ol.69
93.34
93.15
166.71
0.6348
0.5005
0.4974
12.12

50

Date Time (Ua- Uw) Woverall Vwater e e s

(dlm/y) (h:m) (kPa) (g) (cc) (cc/cc)

28/3/92 0:37 1 2028.98 31.09 0.5005 0.33309 0.99860

28/3/92 13:50 5 2028.74 30.85 0.4990 0.33086 0.99397

29/3/92 22:10 10 2028.56 30.67 0.4983 0.32907 0.98949

31/3/92 23:00 15 2028.40 30.51 0.4979 0.32744 0.98510

1/4/92 14:20 20 2028.28 30.39 0.4976 0.32622 0.98178

2/4/92 0:40 25 2027.87 29.98 0.4974 0.32186 0.96894

4/4/92 1:10 30 2026.43 28.54 0.4974 0.30640 0.92240

6/4/92 3:46 35 2024.41 26.52 0.4974 0.28471 0.85712

7/4/92 20:50 40 2021.84 23.95 0.4974 0.25712 0.77406

15/4/92 22:45 50 2019.74 21.85 0.4974 0.23458 0.70619

19/4/92 22:30 60 2017.97 20.08 0.4974 0.21558 0.64898

23/4/92 23:56 70 2016.92 19.03 0.4974 0.20430 0.61504

30/4/92 0:00 85 2015.08 17.19 0.4974 0.18455 0.55558

2/5/92 22:35 100 2014.20 16.31 0.4974 0.l7510 0.52713

6/5/92 23:00 130 2012.95 15.06 0.4974 0.l6168 0.48673

12/5/92 0:25 160 2012.10 14.21 0.4974 0.l5256 0.45926

17/5/92 23:30 200 2011.14 13.25 0.4974 0.14225 0.42824

25/5/92 22:00 280 2010.01 12.12 0.4974 0.13012 0.39171
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Pressure Plate Cell Test,

Initial volume (cc)
Consolidated volume (cc)
Final volume (cc)
Mass of soil particles (g)
Initial void ratio, ei
Consolidated void ratio, ec
Final void ratio, ef
Final mass of water (g)
Pre-consolidation pressure (kPa)

PPCT15

10l.44
92.22
92.08
166.61
0.6317
0.4834
0.4811
12.28
100

Date Time (Ua - Uw) Woverall Vwater e e s

(dlm/y) (h:m) (kPa) (g) (cc) (cc/cc)

28/3/92 0:37 1 2023.52 30.01 0.4834 0.32542 0.99860

28/3/92 13:50 5 2023.34 29.83 0.4823 0.32371 0.99488

29/3/92 22:10 10 2023.18 29.67 0.4818 0.32208 0.99057

31/3/92 23:00 15 2023.12 29.61 0.4816 0.32147 0.98898

1/4/92 14:20 20 2022.97 29.46 0.4814 0.31989 0.98437

2/4/92 0:40 25 2022.54 29.03 0.4812 0.31526 0.97041

4/4/92 1:10 30 202l.31 27.80 0.4811 0.30192 0.92949

6/4/92 3:46 35 2020.22 26.71 0.4811 0.29008 0.89304

7/4/92 20:50 40 2018.69 25.18 0.4811 0.27347 0.84189

15/4/92 22:45 50 2015.09 21.58 0.4811 0.23437 0.72152

19/4/92 22:30 60 2013.54 20.03 0.4811 0.21754 0.66970

23/4/92 23:56 70 2012.78 19.27 0.4811 0.20928 0.64429

30/4/92 0:00 85 201l.61 18.10 0.4811 0.19657 0.60517

2/5/92 22:35 100 2010.18 16.67 0.4811 0.18104 0.55736

6/5/92 23:00 130 2008.88 15.37 0.4811 0.16693 0.51389

12/5/92 0:25 160 2007.75 14.24 0.4811 0.15465 0.47611

17/5/92 23:30 200 2007.06 13.55 0.4811 0.14716 0.45304

25/5/92 22:00 280 2005.79 12.28 0.4811 0.13337 0.41058

309

_________________11



Pressure Plate Cell Test,

Initial volume (cc)
Consolidated volume (cc)
Final volume (cc)
Mass of soil particles (g)
Initial void ratio, ei
Consolidated void ratio, ec
Final void ratio, ef
Final mass of water (g)
Pre-consolidation pressure (kPa)

PPCT16

101.69
91.26
91.07
166.79
0.6340
0.4664
0.4633
12.52
200

Date Time (Ua - Uw) Woverall Vwater e 9 S

(dimly) (h:m) (kPa) (g) (cc) (cc/cc)

28/3/92 0:37 1 2033.37 28.77 0.4648 0.31561 0.99464

28/3/92 13:50 5 2033.19 28.59 0.4641 0.31379 0.98990

29/3/92 22:10 10 2033.11 28.51 0.4638 0.31297 0.98777

31/3/92 23:00 15 2032.99 28.39 0.4637 0.31168 0.98383

1/4/92 14:20 20 2032.96 28.36 0.4635 0.31139 0.98321

2/4/92 0:40 25 2032.88 28.28 0.4634 0.31053 0.98065

4/4/92 1:10 30 2032.75 28.15 0.4634 0.30910 0.97614

6/4/92 3:46 35 2032.35 27.75 0.4633 0.30473 0.96248

7/4/92 20:50 40 2031.12 26.52 0.4633 0.29123 0.91982

15/4/92 22:45 50 2027.33 22.73 0.4633 0.24961 0.78837

19/4/92 22:30 60 2024.94 20.34 0.4633 0.22336 0.70547

23/4/92 23:56 70 2023.94 19.34 0.4633 0.21238 0.67079

30/4/92 0:00 85 2022.91 18.31 0.4633 0.20107 0.63506

2/5/92 22:35 100 2021.76 17.16 0.4633 0.18844 0.59518

6/5/92 23:00 130 2020.01 15.41 0.4633 0.16922 0.53448

12/5/92 0:25 160 2019.08 14.48 0.4633 0.15901 0.50222

17/5/92 23:30 200 2018.25 13.65 0.4633 0.14990 0.47344

25/5/92 22:00 280 2017.12 12.52 0.4633 0.13749 0.43424
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Pressure Plate Cell Test,

Initial volume (cc)
Consolidated volume (cc)
Final volume (cc)
Mass of soil particles (g)
Initial void ratio, ei
Consolidated void ratio, ec
Final void ratio, ef
Final mass of water (g)
Pre-consolidation pressure (kPa)

PPCT21

101.69
95.12
93.69
167.14
0.6305
0.5252
0.5022
11.92

15.8

Date Time (Ua - Uw) Woverall Vwater e e s

(dlm/y) (h:m) (kPa) (g) (cc) (cc/cc)

21/2/93 22:25 1 2042.08 32.54 0.5252 0.34209 0.99345

23/2/93 21:05 5 2041.19 31.65 0.5137 0.33526 0.98791

25/2/93 19:37 10 2040.82 31.28 0.5087 0.33244 0.98596

27/2/93 22:13 15 2040.36 30.82 0.5059 0.32816 0.97684

1/3/93 23:00 20 2040.00 30.46 0.5038 0.32478 0.96945

4/3/93 20:50 25 2038.53 28.99 0.5022 0.30944 0.92561

7/3/93 11:20 30 2036.90 27.36 0.5022 0.29204 0.87356

10/3/93 13:25 35 2034.43 24.89 0.5022 0.26568 0.79470

13/3/93 21:00 40 2032.94 23.40 0.5022 0.24977 0.74713

18/3/93 15:00 50 2030.51 20.97 0.5022 0.22383 0.66954

24/3/93 14:00 60 2028.72 19.18 0.5022 0.20473 0.61239

30/3/93 15:45 80 2026.45 16.91 0.5022 0.18050 0.53991

6/4/93 22:30 100 2025.09 15.55 0.5022 0.16598 0.49649

15/4/93 21:10 150 2023.60 14.06 0.5022 0.15008 0.44891

22/4/93 22:00 250 2021.46 11.92 0.5022 0.12723 0.38059
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Pressure Plate Cell Test,

Initial volume (cc)
Consolidated volume (cc)
Final volume (cc)
Mass of soil particles (g)
Initial void ratio, ei
Consolidated void ratio, ec
Final void ratio, ef
Final mass of water (g)
Pre-consolidation pressure (kPa)

PPCT22

101.44

95.51
94.73
169.14
0.6073
0.5133
0.5010
12.21
31.5

Date Time (Ua- Uw) Woverall Vwater e a s

(dlm/y) (h:m) (kPa) (g) (cc) (cc/cc)

21/2/93 22:25 1 2029.95 32.22 0.5133 0.33728 0.99435
23/2/93 21:05 5 2029.24 31.51 0.5072 0.33118 0.98414

25/2/93 19:37 10 2028.86 31.13 0.5045 0.32777 0.97747

27/2/93 22:13 15 2028.66 30.93 0.5030 0.32599 0.97409

1/3/93 23:00 20 2028.40 30.67 0.5019 0.32349 0.96802

4/3/93 20:50 25 2027.86 30.13 0.5010 0.31798 0.95268

7/3/93 11:20 30 2025.55 27.82 0.5010 0.29360 0.87964

10/3/93 13:25 35 2023.49 25.76 0.5010 0.27186 0.81450

13/3/93 21:00 40 2021.63 23.90 0.5010 0.25223 0.75569

18/3/93 15:00 50 2019.19 21.46 0.5010 0.22648 0.67854

24/3/93 14:00 60 2017.27 19.54 0.5010 0.20622 0.61783

30/3/93 15:45 80 2015.05 17.32 0.5010 0.18279 0.54764

6/4/93 22:30 100 2013.66 15.93 0.5010 0.16812 0.50369

15/4/93 21:10 150 2012.08 14.35 0.5010 0.15145 0.45373

22/4/93 22:00 250 2009.94 12.21 0.5010 0.12886 0.38607
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Pressure Plate Cell Test, PPCT23

Initial volume (cc) 101.69
Consolidated volume (cc) 93.12
Final volume (cc) 92.86
Mass of soil particles (g) 167.50
Initial void ratio, ei 0.6270
Consolidated void ratio, ec 0.4899
Final void ratio, ef 0.4857
Final mass of water (g) 12.45
Pre-consolidation pressure (kPa) 63

Date Time (Ua - Uw) Woverall Vwater e 9 S

(dlm/y) (h:m) (kPa) (g) (cc) (cc/cc)

21/2/93 22:25 1 2053.49 30.51 0.4899 0.32765 0.99645

23/2/93 21:05 5 2053.35 30.37 0.4878 0.32660 0.99615

25/2/93 19:37 10 2053.17 30.19 0.4869 0.32486 0.99207

27/2/93 22:13 15 2053.01 30.03 0.4864 0.32325 0.98783

1/3/93 23:00 20 2052.84 29.86 0.4860 0.32151 0.98305

4/3/93 20:50 25 2052.24 29.26 0.4887 0.31448 0.95797

7/3/93 11:20 30 2050.60 27.62 0.4857 0.29745 0.90986

10/3/93 13:25 35 2048.65 25.67 0.4857 0.27645 0.84562

13/3/93 21:00 40 2046.26 23.28 0.4857 0.25071 0.76689

18/3/93 15:00 50 2044.48 21.50 0.4857 0.23154 0.70826

24/3/93 14:00 60 2042.73 19.75 0.4857 0.21269 0.65061

30/3/93 15:45 80 2040.43 17.45 0.4857 0.18792 0.57484

6/4/93 22:30 100 2039.19 16.21 0.4857 0.17457 0.53399

15/4/93 21:10 150 2037.34 14.36 0.4857 0.15465 0.47305

22/4/93 22:00 250 2035.43 12.45 0.4857 0.13408 0.41013
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Date Time (Ua - Uw) Woverall Vwater e e s

(dlm/y) (h:m) (kPa) (g) (cc) (cc/cc)

5/5/93 11:40 1 2037.03 28.96 0.4737 0.32023 0.99625

5/5/93 20:00 5 2036.71 28.64 0.4725 0.31695 0.98775

6/5/93 12:15 10 2036.52 28.45 0.4719 0.31498 0.98244

7/5/93 13:15 15 2036.35 28.28 0.4716 0.31316 0.97719

7/5/93 20:00 20 2036.20 28.13 0.4714 0.31154 0.97242

8/5/93 22:20 25 2035.86 27.79 0.4712 0.30782 0.96108

9/5/93 23:20 30 2035.08 27.01 0.4711 0.29920 0.93430

13/5/93 15:30 35 2033.14 25.07 0.4711 0.27771 0.86719

16/5/93 21:40 40 2031.65 23.58 0.4711 0.26120 0.81565

22/5/93 21:00 45 2030.63 22.56 0.4711 0.24990 0.78037

3/6/93 12:00 50 2029.39 21.32 0.4711 0.23617 0.73748

7/6/93 20:45 60 2027.58 19.51 0.4711 0.21612 0.67487

16/6/93 13:46 80 2025.36 17.29 0.4711 0.19153 0.59808

23/6/93 16:30 100 2024.03 15.96 0.4711 0.17679 0.55207

2/7/93 15:40 150 2022.48 14.41 0.4711 0.15962 0.49845

11/7/93 15:50 250 2020.66 12.59 0.4711 0.13946 0.43550
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Pressure Plate Cell Test,

Initial volume (cc)
Consolidated volume (cc)
Final volume (cc)
Mass of soil particles (g)
Initial void ratio, ei
Consolidated void ratio, ec
Final void ratio, ef
Final mass of water (g)
Pre-consolidation pressure (kPa)

PPCT24

101.69
90.43
90.28
164.46
0.6571
0.4737
0.4711
12.59
126
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Pressure Plate Cell Test,

Initial volume (cc)
Consolidated volume (cc)
Final volume (cc)
Mass of soil particles (g)
Initial void ratio, ei
Consolidated void ratio, ec
Final void ratio, ef
Final mass of water (g)
Pre-consolidation pressure (kPa)

PPCT25

101.44
88.81
88.67
163.68
0.6609
0.4541
0.4518
12.76
252

Date Time (Ua- Uw) Woverall Vwater e a s

(dlm/y) (h:m) (kPa) (g) (cc) (cc/cc)

5/5/93 11:40 1 2019.31 27.56 0.4541 0.31033 0.99373
5/5/93 20:00 5 2018.98 27.23 0.4531 0.30683 0.98400
6/5/93 12:15 10 2018.77 27.02 0.4526 0.30456 0.97749

7/5/93 13:15 15 2018.58 26.83 0.4523 0.30248 0.97126
7/5/93 20:00 20 2018.39 26.64 0.4522 0.30036 0.96459

8/5/93 22:20 25 2018.28 26.53 0.4520 0.29916 0.96103

9/5/93 23:20 30 2018.17 26.42 0.4519 0.29794 0.95726

13/5/93 15:30 35 2017.36 25.61 0.4518 0.28883 0.92812

16/5/93 21:40 40 2016.48 24.73 0.4518 0.27891 0.89623

22/5/93 21:00 45 2015.10 23.35 0.4518 0.26334 0.84621

3/6/93 12:00 50 2013.58 21.83 0.4518 0.24620 0.79113

7/6/93 20:45 60 2011.72 19.97 0.4518 0.22522 0.72372

16/6/93 13:46 80 2009.59 17.84 0.4518 0.20120 0.64653

23/6/93 16:30 100 2008.29 16.54 0.4518 0.18654 0.59942

2/7/93 15:40 150 2006.38 14.63 0.4518 0.16500 0.53020

11/7/93 15:50 250 2004.51 12.76 0.4518 0.14391 0.46243
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Date Time (Ua - Uw) Woverall Vwater e a s

(dimly) (h:m) (kPa) (g) (cc) (cc/cc)

5/5/93 11:40 1 2045.92 26.03 0.4262 0.29845 0.99872

5/5/93 20:00 5 2045.81 25.92 0.4255 0.29734 0.99613

6/5/93 12:15 10 2045.75 25.86 0.4252 0.29671 0.99453

7/5/93 13:15 15 2045.67 25.78 0.4250 0.29584 0.99192

7/5/93 20:00 20 2045.60 25.71 0.4249 0.29505 0.98946

8/5/93 22:20 25 2045.53 25.64 0.4248 0.29427 0.98700

9/5/93 23:20 30 2045.54 25.65 0.4247 0.29441 0.98761

13/5/93 15:30 35 2045.49 25.60 0.4247 0.29383 0.98569

16/5/93 21:40 40 2045.24 25.35 0.4246 0.29098 0.97629

22/5/93 21:00 45 2044.54 24.65 0.4246 0.28295 0.94933

3/6/93 12:00 50 2042.88 22.99 0.4246 0.26389 0.88540

7/6/93 20:45 60 2041.12 21.23 0.4246 0.24369 0.81762

16/6/93 13:46 80 2038.29 18.40 0.4246 0.21121 0.70863

23/6/93 16:30 100 2036.73 16.84 0.4246 0.19330 0.64855

2n/93 15:40 150 2034.52 14.63 0.4246 0.16793 0.56344

IIn193 15:50 250 2032.86 12.97 0.4246 0.14888 0.49951

____________________11

Pressure Plate Cell Test,

Initial volume (cc)
Consolidated volume (cc)
Final volume (cc)
Mass of soil particles (g)
Initial void ratio, ei
Consolidated void ratio, ec
Final void ratio, ef
Final mass of water (g)
Pre-consolidation pressure (kPa)
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PPCT26

101.69
87.22
87.12
163.89
0.6629
0.4262
0.4246
12.97
504



Data from Desiccator Tests (July, 1993)

Solution Lithium Magnesium Magnesium Sodium Potassium

Type Chloride Chloride Nitrate Chloride Sulphate
RHat20C 11.5 33.0 54.3 75.5 97.0
Suction (kPa) 297600 151700 85600 38000 4400

e = 0.4711 (PPCf24)

Tare (g) 20.2466 21.8723 21.0438 21.4156 19.5523

WeHTare (g) 21.4950 23.4854 22.6998 23.1180 21.4098

Equi-Tare (g) 21.4170 23.3887 22.6001 23.0256 21.3385

Dry+Tare (g) 21.4022 23.3669 22.5713 22.9923 21.2742

w (%) 1.28 1.46 1.89 2.11 3.73

a (%) 2.33 2.66 3.43 3.85 6.80

S (%) 7.29 8.30 10.73 12.01 21.24

e = 0.4518 (PPCf25)

Tare (g) 20.0513 20.4056 21.3090 20.0766 20.9201

Wet+Tare (g) 21.1367 21.4412 22.6016 21.4002 22.2530

Equi+Tare (g) 21.0741 21.3837 22.5340 21.3344 22.2053

Dry+Tare (g) 21.0583 21.3677 22.5106 21.3071 22.1591

w (%) 1.57 1.66 1.95 2.22 3.73

a (%) 2.90 3.07 3.59 4.10 6.88

S (%) 9.31 9.86 11.55 13.16 22.12

e = 0.4246 (PPCf26)

Tare (g) 22.2997 19.4894 22.7344 17.9044 20.2643

Wet+Tare (g) 23.1113 20.3506 23.5332 18.9000 21.6578

Equi+Tare (g) 23.0573 20.3017 23.4836 18.8485 21.6144

Dry+Tare (g) 23.0456 20.2880 23.4677 18.8260 21.5588

w (%) 1.57 1.72 2.17 2.44 4.30

e (%) 2.95 3.23 4.08 4.59 8.08

S (%) 9.90 10.83 13.69 15.41 27.11
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