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Abstract

Shear strength is an important soil parameter. Many geotechnical failures have
been caused by inadequate shear strength. In order to obtain a high strength
modelling silty clay for use in centrifuge model tests of soil-pipeline interaction,
direct shear tests, shear vane tests and cone penetration tests were conducted to

inve stigate its shear strength behaviour.

This thesis first presents some background on the shear strength of soils and
measurement techniques. The details of the direct shear tests, the shear vane tests,
delli

the cone ion tests and are also di: ed. The silty

clays used in this study were kaolin and a kaolin-silt mixture; the plasticity indices
were 30.6% and 19.5% respectively. The kaolin-silt mixture (K-S) was obtained by

mixing equal amounts of kaolin and silt by weight.

Direct shear and shear vane tests were conducted on both clays at different ver-
tical stresses under various overconsolidation ratios (OCR’s). This thesis presents
these test procedures and the test results. Cone penetration tests were also con-

ducted in a centrifuge at 50 gravities to verify the results from the direct shear and

shear vane tests and to correlate the cone p i i to the
shear strength from shear vane and direct shear tests. Centrifuge modelling prin-
ciples and the current methods to convert cone tip resistance to shear strength are
also presented. Test results show that the shear sirength of K-S is higher than that
of pure kaolin. Shear strengths of heavily overconsolidated clays obtained from

the shear vane tests are higher than those obtained from the direct shear tests. A



correlation between cone tip resistance and undrained shear strength is presented.
The shear strength of K-S interpreted from CPT results was found to lie between
the direct shear and shear vane test results and shows a good correlation in the
measurement of shear strength.
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Chapter 1

Introduction

The determination of soil strength is an important aspect of geotechnical en-
gineering. The undrained shear strength of clays is affected by the soils physical
properties and stress conditions (Ladd et al., 1977). The undrained strength can

be estimated from field tests as well as laboratory tests. As field tests are usually

P and ti ing, lab y shear tests are widely used to provide

insight into the strength behaviour of clays.

In 1991, the Centre for Cold Ocean Resources Engineering (C-CORE) at Memo-
rial University of Newfoundland undertook a contract project entitled “Centrifuge
Modelling of Laterally Loaded Pipelines”. The aim of this study was to investigate

the load transfer behaviour of buried pipelines using centrifuge model tests and to

d ine the soil-pipeline i jon factors and the effects of trench geometry.
Kaolin clay was used as the model clay. The undrained shear strength of kaolin

was estimated using the following empirical equation (Poorooshasb, 1991):
¢, =0.190,(0CR)**® (1.1)
where , is the undrained shear strength, o, is the effective vertical stress and OCR

1



is the overconsolidation ratio. However, the undrained strength of the soil estimated
using the above equation was found to not correlate well with the centrifuge cone

penetration test results.

Further centrifuge modelling of laterally loaded pipelines is being conducted at
the C-CORE centrifuge centre. The effective vertical stress, o, can be estimated
using

0, = pNghp, (1.2)
where p is the density of the soil (submerged density for the soil below water table),

Ng is the leration level during the i test and hy, is the soil depth.

The di ionall, lidated undrained direct simple shear test results

of clays presented by Ladd and Edgers (1972) indicated that strength of some over-
consolidated clays can be expressed using

%}% =ocR" (1.3)
where the value of m is a soil parameter, o, is the effective vertical stress at the be-
ginning of shear, OC lidated soils and NC normally
consolidated soils.

In order to predict the undrained shear strength profile, it is necessary to
develop a reliable relationship between the undrained shear strength c, and the
effective vertical stress o). Such relationships are typically assumed to be of the

form

ﬂ&,v a(OCR)? (14)



where the parameters a and f should be properly estimated.

Equation (1.3) and Equation (1.4) are essentially identical. For normally con-
solidated clays, Equation (1.4) becomes

(1.5)

The purposes of this thesis are to investigate the undrained shear strength of
the kaolin clay and to develop a higher strength model clay for use in the centrifuge
model study of soil-pipeline interaction. Kaolin clay and a kaolin-silt mixture were
tested as the modelling silty clays. The following chapters of this thesis introduce
the test techniques und the results of direct shear tests, shear vane tests and cone

tests for the estimation of the undrained shear strength of the kaolin

and the kaolin-silt mixture,



Chapter 2

Literature Review

One of the purpose of this thesis is to investigate the strength behaviour of kaolin
and a kaolin-silt mixture using direct shear tests, shear vane tests and cone penetra-
tion tests. In order to provide some background related to the study, this chapter
presents a review of direct shear tests, shear vane tests and cone penetration tests,

and introd the applications of i delling in hnical

A review of the behaviour of kaolin-based clays is also presented.

2.1 Shear Strength of Clays

Shear strength of a soil is the internal resistance per unit area that the soil
mass can offer to resist failure and sliding along any plane inside it (Das, 1985). In
geotechnical engineering, many failures of soil structures and foundations result from
inadequate shear strength. Shear strength is an important mechanical characteristic
of soil, is influenced by many factors and may be estimated from field and laboratory

test results.
The shear strength of a soil is directly related to its normal stress; the relationship
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between the normal stress and shear stress on a failure plane can be expressed as
7y =c +o'tand. (2.1)

where, 7/ is the shear stress at failure, o is the effective normal stress, ¢' is the
effective angle of internal friction and ¢’ is cohesion. This equation is well known
as Mohr-Coulomb failure criterion.  For cohesionless materials, such as sand, the

value of ¢ is usually zero,

However, the strength behaviour of soils is very licated. The shear strength

of soils is affected by soil physical ies (such as mineralogy and i )
confining pressure, stress history and other factors. Some main factors influencing

soil shear strength are as follows:

‘Void ratio: Void ratio is perhaps the most important parameter affecting the
shear strength of sands. Generally speaking, the lower the void ratio, the higher
the shear strength (Holtz and Kovacs, 1981). The parameter ¢ in Equation (2.1)

changes not only with soil type, but also with soil void ratic.

Time effect: Creep of soil is the time-dependent strain which develops at a rate

controlled by the soil viscous resistance (Mitchell, 1976). Secondary consolidation

of soils which i after primary lid: is a kind of creep. Creep of a

soil causes not only strain but also stress redistribution within the soil (Kavazanjian

and Mitchell, 1984).

Anisotropy:  The anisotropy of soil includes three aspects: the anisotropy

of the soil structure, the stresses applied to the soil and the boundary conditions



(Duncan and Seed, 1966). During one-dimensional deposition and loading, particles
of soils tend to become horizontally oriented (Ladd et al., 1977). This orientation
of particles causes inherent anisotropy of the soils and results in changes of strength
and other properties of the soils. Duncan and Seed (1966) have shown that the
anisotropy of particle orientation of a kaolinite causes as much as a 10% change in

undrained strength.

Stress history: One of the most important characteristics of soils is that soil
strength is significantly influenced by stress history. In many cases, stress history of
asoil is represented by the overconsolidation ratio (OCR). In one dimensional test-

ing, an overconsolidated soil has not only a lower void ratio but also a higher lateral

stress than a normally lidated soil; the undrained strength of lidated
soil is higher than that of normally lidated soil. The di sionally con-
solidated undrained direct simple shear test results of clays presented by Ladd and
Edgers (1972) indicated that the undrained strength of lidated clays in-

creases with overconsolidation ratio and effective vertical stress (o)) at the beginning

of shear.

The shear strength of clays is also affected by the degree of saturation, sample
disturbance, soil type, grain size distribution, rate of shearing, temperature and

other environmental conditions.



2.2 Measurement of Shear Strength

Shear strength of soil can be estimated from the empirical correlation and also
can be determined directly by some of the laboratory tests. As discussed above,
there are many factors which may affect the strength of soils. The shear strength
determined by different laboratory tests may also change, depending not only on
the type of test but also on the drainage and consolidation conditions. Among the
many test methods, the direct shear test and triaxial test are the two main types of
shear tests. The laboratory vane test is also a commonly used test, especially for

soft clays.
2.2.1 Direct Shear Test

The direct shear test is one of the oldest strength tests because it has been used
for more than 200 years since Coulomb. This test relates shear strength at failure
directly to normal stress and thus can be used to define the Mohr-Coulomb failure

envelop.

In this test, a specimen container, called ‘shearbox’, is separated horizontally into
two halves. One-half is fixed, while the other is either pulled or pushed horizontally.
A normal load may be applied to the soil specimen. A stress- or strain-controlled
shear force can be pplied to the specimen. As the applied shear force is horizontal,

the failure plane s restrained to be horizontal (Holtz and Kovacs, 1981).

There are some limitations and disadvant, iated with direct shear test.

In the test, the soil specimen is forced to fail along the horizontal split plane and not

along the weakest plane (Das, 1985). In addition, the shear stress distribution over

7



[o 5 ]

o
2 03 =03= Kop

i

Figure 2.1: Stress States and Shear Strain Distribution in Direct Shear Test

the shear surface is not uniform (Wood, 1990). The stress states and shear strain
distribution of soil of direct shear test is shown in Figure 2.1. During shearing, the
principal stress plane changes. Another disadvantage of the direct shear test is that
the pore pressure generated during the test cannot be measured (Vickers, 1983) and
therefore the drainage condition is hard to control; the only way to judge the test

being drained or undrained is to control the rate of shearing (Head, 1982).

2.2.2 Triaxial Test

The triaxial test is the most widely used method for the determination of shear
strength parameters. In this test, a cylindrical soil sample is encased by a thin
rubber membrane and placed inside a pressurised chamber which is usually filled

with water. The sample is subjected to an isotropic stress by pressurising the fluid



in the chamber. To shear the specimen, an axial stress is normally applied through
a vertical loading ram to cause shear failure (Das, 1985). Compared with the direct
shear test, the triaxial test has the following advantages:

e

(1) Drainage can be ding to the test purposes;
(2) Pore pressure in undrained tests can be monitored and volume change ob-
servations in drained tests can be conducted;
(8) The soil failure can occur on any plane depending on the stress conditions;
(4) Back pressure may be applied to increase the degree of saturation of soil

samples.
2.2.3 Shear Vane Test

The laboratory shear vane test is another simple way to determine the undrained
shear strength of soils. During testing, the vane is pushed into a soil, and a torque
is applied to the rod of the vane at a constant rate. The shear strength of the soil
can be obtained by measuring the maximum torque required to cause a cylindrical
failure surface prescribed by the vane blade edges. The maximum torque is usually
measured from the spring rotation angle. As described by Flaate (1966), there are

several factors affecting the results of vane test:

(1) Vane Shape and Size

The most popular type of vane is the 4-blade rectangular vane with a H/D
(Height /Diameter) ratio of 2, although Silvestri et al. (1993) used different shapes in
their studies. Flaate (1966) and Arman et al. (1975) indicated that the effect of the

vane size on the measured shear strength is insignificant for field vane tests. Cadling



and Odenstad (1950) also showed that when an H/D ratio of 2 is maintained, the
vane blade diameter has no effect on the results. For laboratory vane tests, Vey
(1955) found that a vane with higher H/D ratio may have a large degree of sample
disturbance. Almeidaphysical and Parry (1983) recommend a vane size of 18mm in
diameter and 14mm in height. Area ratio, defined as the ratio of the cross section
area of the vane to the cross section area of the sheared soil cylinder, is directly
proportional to the vane size. Vickers (1983) suggests that the area ratio should be
less than 12%.

(2) Disturbance due to Insertion

During penetration of the vane, some disturbance to the soil sample would occur
due to the vane rod and the vane itself. The soil can stick to the vanc as it is
pushed into the soil thus the area ratio of the vane increases. Davies et al. (1989)
found that the disturbance of the soil around the vane shaft was symmetrical and

extended to about 2 times the radius of the shaft from its center line.

(3) Shear Velocity

Although in ASTM D4648-87, it is mentioned that the vanie device should rotate
the torque spring at a constant rate of 60° per minute, there is no standard vane
rotation rate for the laboratory vane test. Extremely fast rotation rates may cause
the undrained shear strength to increase because of viscous effects. At very low
speed, significant consolidation occurs which may also cause higher values of shear
strength (Springman, 1993). Perlow and Richards (1977) studied the effect of shear
velocity on vane shear strength and pointed out that since the shear velocity at the

edge of the vane increases considerably with increasing vane diameter, significant

10



differences in the shearing rate at the failure surface exist belween large and small
vanes at similar rotation rates. The wide range of vane sizes and rotation rates
can result in significant differences in shear velocity. Monney (1969) found that
laboratory strengths obtained at a rotation rate of 90° per minute were nearly 30%
higher than strengths measured at 1° per minute on relatively undisturbed marine

clayey silts.

(4) Other Factors
Other factors such as nonuniformity of stress distribution in the soil, shaft friction
(water between the shaft and soil may decrease the friction) and the standing time

between vane insertion and rotation may also affect the vane test results.

2.3 Properties of Kaolin and Kaolin-Based Mix-
tures

Kaolin clay is widely used as a modelling clay in fundamental studies. It has been

dellis

tests to i i many practical problems (Spring-

used in
man, 1993). The behaviour of kaolin clay has been investigated by many people such
as Atkinson et al. (1987), Rossato et al. (1992), Lawrence (1980), Springman (1993)
and Parry and Nadarajah (1973). Table 2.1 and 2.2 summarized the properties and

compressibility of Speswhite kaolin obtained by some of these researchers.
As discussed previously, the undrained shear strength can be expressed as:
e,/o, = «(OCR)*. (22)
The constants a and 8 in above equation fer kaolin were obtained by some re-

11



Table 2.1: Physical Properties of Speswhite Kaolin

Atkinson et al. | Rossato et al. [ Lawrence
(1987) (1992) (1980)
Liquid Limit % 65 63 69
Plastic Limit % 35 33 38
Plastic Index % 30 30 31
Sperific Gravity 2.61 2.61
Clay Fraction (< 2um) % 80 82
Table 2.2: Consolidation P: of Speswhite Kaolin
(after Springman, 1993)
a, e c ko Source
kPa mm?/s 10-*mm/s
400-700 1.10 0.3! 0.68 Al-Tabbaa (1987) |
120-450 1.21 0.5 0.34 Bransby (1993
1.30 0.1 0.95 Ellis (1993)
1.54 0.2! 2.87 Sharma (1993)
1.54 0.2 2.06 Springman (1993)

searchers through shear vane tests conducted in-flight in the centrifuge and are

listed in table 2.3.

From Table 2.1, it can be seen that the plasticity index of kaolin is about 30%.
The clay fraction of kaolin is about 80% which is much higher than natural clays
and results in a lower stiffness and weaker shear strength. This disadvantage may

be improved by mixing kaolin with some granular material to obtain kaolin mixtures

12



Table 2.3: Strength Constants of Speswhite Kaolin

T P 7
Nunez (1989) 022 0.62
Bolton et al. (1993) 0.19 0.67
Springman (1989) 0.22 0.706

Note:

a, f are mean values.

Table 2.4: Properties of Some Kaolin-Based Mixtures
(after Rossato et al. (1992) and Springman (1993))

Pure Kaolin | KSS | KRF | Natural Clay
(Ip = 3C%)

wy, % 63 38 35.5
wp % 33 21 17
Ip % 30 17 [ 185 30
G, 2.61 2.63
Clay Fraction(< 2um) % 82 55-65 | 43
CufGiar TXC 0.197 0.244 | 0.233 0.308
ufFunae TXE 0.180 0.166 0.199
Cu/Oumaz DSS 0.152 0.180 0.222




with higher strength. The kaolin-based modelling clays have been shown to have
some advantages compared to pure kaolin (Rossato et al., 1992). Springmun (1993)
obtained a kaolin-based mixture by mixing 70% Speswhite kaolin with 30% 180
grade silica rock flour (KRF). Rossato et al. (1992) obtained another mixture by
combining 50% Speswhite kaolin, 25% fine quartz sand and 25% industrial quartz
silt (KSS). The physical properties of these two materials are listed in Table 2.4,
where TXC is the short form for triaxial compression test, TXE is triaxial extension
test and DSS is direct simple shear test. From table 2.4, it can be seen that the

shear strength of the kaolin mixtures are higher than pure kaolin.

2.4 Cone Penetration Test

The cone penetration test (CPT) is a technique for the measurement of soil
properties by pushing an instrumented cone into soils at a constant rate. The main

lications of CPT are to ds ine the soil profile and identify soils and to evaluate

soil engineering parameters. In some cases, CPTs may be accompanied by borings to
achieve more reliable test results, The CPT can provide continuous measurement
of ground conditions; it also causes less disturbance of soil layers ussociated with
boring and sampling. The CPT technique has been widely used in research and
engineering practice. Because of the complex changes of stress, strain and pore
pressure during the cone penetration test, it is difficult to make a comprehensive
theoretical analysis. In engineering practice, the analysis of CP'T is highly empirical
(Meigh, 1987).

For a standard cone penetrometer, the cone is 60° and the cross-sectional area is

14



usually 10, 15 or 20 cm®. In centrifuge modelling, much smaller cone penetrometers
have been used (Ferguson and Ko, 1981; Davies et al., 1989). The standard rate
of in-situ cone penetration is 20::5 mm/s (Meigh, 1987). Some penetrometers can

measure both tip resistance (¢;) and side friction (f,); others can only provide g..

Other piezocone penetrometers have also been developed for additional
of pore water pressure in soils during cone penetration (Konrad and Law, 1987;

Mayne and Holtz, 1988; Sully and Campanella, 1991).

Another important parameter of CPT is the friction ratio, Ry, which is defined

as the ratio of side friction to tip resistance and expressed as

Ry = 5:' (23)

and which is very useful for soil classificatica.

CPT data can be used for estimation of the relative density of normally consol-

idated sand (Jamiolkowski, 1985) and lidated sand (Schmertmann, 1975),

sand strength (Durgunoglu and Mitchell, 1975) and other parameters (Meigh, 1987).
Also, extensive investigations have been carried out for determining the properties
of clays using CPT, including undrained shear strength of normally consolidated
clays (Lunne and Kleven, 1981) and overconsolidated clays (Marsland and Quarter-
man, 1982), and deformability of clays (Meigh, 1987). In addition, CPT has also
been used for the estimation of pile bearing capacity (Meigh, 1987), for the control
of ground improvement (Juilie and Sherwood, 1983) and for the determination of

liquefaction potential of sand layers (Zhou, 1980).

Cone tip resistance ¢, changes directly with undrained shear strength of clay,

15



¢y, which is usually determined by in situ vane test; the expression equating the two

parameters is (Schmertmann, 1975; De Ruiter, 1982)

[
Ne

= (24)

where oy, is total overburden pressure and V. is a cone factor.

A range of the N, values has been found (Amar et al., 1975; Lunne et al., 1976);
there is no universal N, for all clays. The value of N, changes with soil physical

properties and overconsolidation ratio.

2.5 Geotechnical Centrifuge Modelling

Although many geotechnical engineering problems, such as stability of slopes,

earth pressure, bearing capacity and settlement, can be solved using theories based

on a set of si itis imes more desirable to conduct a large
scale field test in order to obtain reliable data. However, the cost and the time

required and the difficulty in lling the test condition reduce the appli

value of field tests. Laboratory tests, on the contrary, are easy to operate and the
test condition is easier to control (Mikasa and Takada, 1973). As soil is a high
non-linear material and its mechanical properties depend on the state of effective
stress, model similarity requires that any stress in the model be equal to that in the
prototype. It is hard to find a modelling technique which may satisfy self-weight

stresses between model and prototype using the same material. For example, a

If-

model of an earth slope 50 cm high i very different ight stresses

than an actual earth slope with a height of 50 m. The stress intensity due to self-

16



weight of the small scale model is much less than that in the prototype and hence
the stress-strain behaviour and the patterns of deformations can be quite different

in the two situations. In order to solve this problem, the centrifuge technique has

4

been i d for hnical licati In if delling tests, the
gravitational effect can be modelled. By applying a centrifugal acceleration, the
self-weight stress distribution can be corrected to simulate the stress conditions in

the prototype.

The idea of centrifuge modelling and its possible use came to birth as carly

as 1868 (Craig, 1989). In the 1930’s, investigators in the USA and the former

USSR introduced this technique to hnical engineering (Rowe, 1975). Many

devel of the i hnique for hnical problems were

made at the University of Manchester and the University of Cambrige in the United
Kingdom in the 1960's and 70’s (Rowe, 1975; Schofield, 1980). Currently, there
are geotechnical centrifuge facilities in the USA, United Kingdom, France, Japan,

Canada, China and other countries.

Ge hnical ift delling has been a well ized research

to fulfill similarity in model tests for investigating many kinds of problems in geotech-

nical engineeri The i hnique has been used for studies of soil con-

solidation (Kimura et al., 1984), retaining structures (Schcherbina, 1988), dams
and embankments (Lee and Schofield, 1988; Feng and Hu, 1988), shallow and deep

foundations (Kutter et al., 1988), cone penetration tests (Ferguson and Ko, 1981;

Spri 1993) and soil liquefaction potential (Husk d et al., 1988).



Chapter 3

Materials Testing

Two types of remoulded soils were used in this study: kaolin clay and a kaolin-silt
mixture (K-S). The former was obtained by mixing Speswhite kaolin powder with
water while the latter was obtained by mixing equal amounts of Speswhite kaolin
and Sil-Co-Sil silt with water. This chapter introd the physical ch

of these two clays and the oedometer consolidation test results,

3.1 Physical Characteristics

In order to classify the kaolin and the kaolin-silt mixture, the plastic limit, liquid
limit, specific gravity and grain size distribution were determined for both soils.
Plastic limit tests were done following the procedures described in ASTM D4318-
84. Liquid limits were determined using the fall cone method. The specific gravity
d following the procedures described by Bowles (1986). The

tests were

test results are given in Table 3.1. In the grain size analysis tests, the hydrometer
method was used and all soil particles passed through a 0.075 mm sieve. The grain

size distributions of the kaolin, silt and keolin-silt mixture are shown in Figure 3.1.



Table 3.1: Properties of Kaolin and K-§

Soil Type Kaolin Kaolin-Silt Mixture
Liquid Limit, wg: % 59.3 35.2
Plastic Limit, wp: % 28.7 15.7
Plasticity Index, Ip: % 30.6 19.5
Specific Gravity, G,: 1 2.63 2.62

Mean Grain Size, Dso: _mm 0.0005 0.0035

Clay Fraction (<2um): % 73 2

100

@ @
=) o

Percent Finer (%)
»
o

3 ) -2
Grain Diameter (mm)

Figure 3.1: Grain Size Distribution Curves
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From Table 3.1 and Table 2.1, it can be seen that the specific gravity of the
kaolin of this study is close to those obtained by Rossato et al. (1992) and Lawrence
(1980). Both the liquid limit and the plastic limit of the kaolin of this study are
lower than those listed on Table 2.1, which may be due to the fact that the clay
fraction of the kaolin of this study is 73% while the clay fractions listed on Table
2.1 are 80% and 82% respectively. The plastic indices on Table 3.1 and Table 2.1

are very close.

The kaolin and the kaolin-silt mixture are inorganic clays. According to ASTM
D2487 (1993), the kaolin is a fat clay of high plasticity, classified as CH; the kaolin-
silt mixture is a lean clay, classified as CL. The kaolin will have low strength and
low permeability.

3.2 Oedometer Consolidation Test
3.2.1 Test Program

To d ine the lidation ch istics of the two soils, oedometer con-

solidation testing was carried out by applying vertical loads to a laterally confined

specimen and observing the vertical deformation of the specimen with time.

The inner diameter of the oedometer used in this test was 61.8 mm. The
specimen was tested under two-way drainage conditions. Vertical loads were applied
to the specimen by dead weights through a loading frame. The load increment ratio
(60u/0,) was kept to 1 (except the first load increment step) according to ASTM
D2435-90. Each load increment was applied for approximately 24 hours. Vertical

ds ion of the i was itored using a dial gauge.
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The kaolin and K-S slurries were prepared at initial water contents of approxi-
mately 100% and 70% respectively and were stored for 24 hours for the purpose of
better saturation. After the specimen was spooned into the oedometer ring, the
initial height and water content of the specimen were measured. The loading frame
which gave a 14 kPa vertical stress was applied on the specimen through a loading
plate and a ball-bearing. The dial gauge was set up and water was added all around
the specimen. The timer was started and the readings of the dial gauge were taken
at approximate times of 0.1, 0.25, 0.5, 1, 2, 4, 8, 15, 30 min, and 1, 2, 4, 8, 24 h after
it was loaded. The next stress increment was then applied with the same procedure.
The total vertical pressure was increased to 25, 50, 100, 200, 400, 800 and 1200 kPa
in steps. After the specimen was consolidated under 1200 kPa, the specimen was
unloaded and swelling was monitored. The unloading was made in steps with the
unloading increment equal or less than 200 kPa. The duration of each unloading
increment was from 4 to 6 hours for the completion of soil swelling. The final water

content was measured when the unloading process had been completed.

3.2.2 Test Results

For the two clays, the initial water content, w,, and specimen height, H,, were

measured before the tests were conducted. The observed lated defc

of the two specimens are shown in Figure 3.2 and Figure 3.3. The initial void ratio,

¢, and the height of solids, H,, can be calculated using (assuming 100% jon)

e =w,G, (31)



Helight (mm)

200 kPa
400 kPa
800 kPa -
i i e ; 1200kPa
28 -1 o 1 2 3
10 10 10 10 10 10

Time, t (min)

Figure 3.2: Accumulated Deformation with Time of Kaolin
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30 z 3 : ol %
10 ’ 10' 10°
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Figure 3.3: Accumulated Deformation with Time of K-S
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Table 3.2: Parameters for the Calculation of Void Ratio
Soil Type G,

o € .
(mm) (mm)

w,
(%)

Pure Kaolin 91.3 2.63 54 2401 15.9

K-S Mixture 67.6 2.62 55 L1 19.8

and
Ho
B
T (te)
where G, is the specific gravity of soil. The results are shown in Table 3.2.
According to ASTM D2435-90, the void ratio of the specimen of any height can be

(3.2)

calculated using the following equation:

H-H,
H,

e=

(33)
where H is the sample final height at each load increment.

The coefficient of ibility, ay, the coefficient of volume

m,, and compression index, C., are important parameters used to estimate soil

The definitions of these ters are
Ae e —e
=== : 3.4
= R = o o4
=
= Ty and (35)

Ae
Ce= 7———7=
log(a\2/a11)

where e; and e; are the void ratios at the beginning and the end of the consolidation,

(3.6)

Ae is the change of the void ratio, o}, and o, are the corresponding effective
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Void Ratio o
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o : : & P d
10' 10* 10 10
Effective Vertical Strese (kpa)

Figure 3.4: e-0,, Curve for Kaolin

vertical pressures at e; and ez, and Ao, is the change of vertical effective stress.

The coefficient of lidation ¢, can be d ined using

S4ST,R?
6= % (@7)

where tgo obtained using the square root of time method (Bowles, 1986) is the time
required to reach 90% consolidation. T, is the time factor (at consolidation degree
of 90%, T, is 0.848), and k is the length of the drainage path which is equal to half
of the average sample height. The results of ¢,, a,, C. and m, are given in Table
3.3 and 3.4, in which, f is the average sample height at any loading step. From

the consolidation test results, e-p curves of both soils are shown in Figure 3.4 and

Figure 3.5,
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Table 3.3: Compression Parameters of Kaolin

, _ Average
o, H too oy Ae e ay Ce my
(kPa) | (mm) | (s) |(mm?/s) (1/MPa) (1/MPa)
0~14 48.183 | 9000 | 0.0547 | 0.7328 [ 2.035 55.100
14~25 |41.183 /3480 0.1033 | 0.1490 [ 1.593 12732 | 0.5435 | 4.77
25~50 |38.678 | 1980 | 0.1602 | 0.1665 | 1.436 6.661 | 0.5532 | 2.64
50~100 |36.161 [ 1110} 0.2497 [0.1506 | 1.278 3.012 | 0.5003 1.28
100~200 |33.915| 778 | 0.313¢ {0.1323 | 1.136 1323 | 04394 | 0.60
200~400 | 31.903 | 540 | 0.3996 | 0.1212 | 1.009 0.606 |0.4028 | 0.29
400~800 [30.080 | 280 | 0.6614 | 0.1083 | 0.895 0.271 0.3599 0.14
800~1200 | 28.722 | 280 | 0.7030 | 0.0628 | 0.809 0.157 {03566 | 0.09
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Table 3.4: Compression Parameters of K-S Mixture

_ Average

o, " too & Ae e a, C. m,
(kPa) | (mm) | (s) | (mm%/s) | (10~%) (1/MPa) (1/MPa)
0~14 |49.163 | 7260 | 0.0706 |58.818 | 1477 | 44.2243

14~25 | 42.353 | 2340 | 0.1625 | 9.805 | 1.134 | 8.3801 |0.3577 | 3.84
25~50 [ 40395 | 1215 0.2847 | 9.926 | 1.036 | 3.9703 [0.3297 | 1.90
50~100 | 38.452 | 735 | 04265 | 9.654 | 0.938 | 1.9307 |0.3207 | 0.97
100~200 | 36.603 | 540 | 0.5260 | 8.983 | 0.834 | 0.8983 |0.2084 | 0.48
200~400 | 34875 | 420 | 0.6139 | 8429 | 0.747 | 04215 |0.2800 | 0.4
400~800 | 33.318 | 290 | 08115 | 7.255 | 0.679 | 0.814 |0.2410| 0.1
800~1200 | 32292 | 276 | 0.9009 | 3.089 | 0.627 [ 00772 [0.1754| 0.5
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Figure 3.5: e-a, Curve for K-S

3.2.3 Result Analyses
In critical state theory, the compression and swelling lines are assumed to be
straight in In(p')-v space with slopes -A and -x respectively.  Here p' is the mean
effective principal stress and v is the specific volume (v=1+¢). The value of p' can
be calculated using
P =31+ 2K)0, (38)
where o, is effective vertical stress and K, is the coefficient of carth pressure at rest

which can be expressed as (Mayne and Kulhawy, 1982)
K, = (1 - sing')(OC R)*"* (3.9)

where ¢' is the effective angle of internal friction and OCR is averconsolidation ratio.
For kaolin, ¢'=23° (Al-Tabbaa, 1987) and using Equ:tion (3.8) the data in

28



Table 3.3 results in A=0.187 and x¥=0.051. The average values of kaolin obtained
by Al-Tabbaa (1987) are A=0.187 and x=0.028.

Wood (1990) introduces the estimations of A and « using
An2.3C, (3.10)

#~2.3C, (3.11)
where C, is the compression index and C, is the swelling index in one-dimentionally
consolidation tests. According to the data shown in Figure 3.4 and Figure 3.5, the
average values of C,=0.453 and C,=0.0926 of the kaolin yield A=0.197 and x=0.0402
while the values of C,=0.294 and C,=0.0361 of the K-S mixture yield A=0.128 and
x=0.0157.

Using the data in Table 3.3 and Table 3.4, the relationship between ¢, and void

ratio, e, of the kaolin can be expressed as
o, =439 x 1077e2#° (3.12)

and for K-S mixture,

c, =268 x 1077e~2% (3.13)
where ¢, is in m?/s. The results of this study and the result of kaolin tested by
King (1993) are shown in Figure 3.6. It can be seen that for kaolin, the ¢, values of
the two studies are close at high void ratio levels. From Table 3.3, Table 3.4 and
Figure 3.6, it can be seen that for both the kaolin and K-S mixture, the ¢, values
of this study increase much slower with vertical stress when the vertical stress is

greater than 400 kPa. The results are in accordance with the fact that ¢, reaches

29



a plateau of 0.35 x 10~® m?/s when vertical stress is between 400 kPa and 700 kPa
(Al-Tabbas, 1987).
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Figure 3.6: Comparison of ¢, Results
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