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Ab stract

Shear st rength is an importan t soil parameter . Many geotechnical failures have

been caused by inadequate shear streng th . In order to obtain a high st rength

modelling silty day for use in centrifuge model tests of soil-pipeline interaction ,

direct shea r tests , shear vane tests and CODe penetration tests were conducted to

lnw 'ligate its shear strength behaviour.

Th is 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,

the cone penetration t~t9 and cent rifuge modelling are also discussed. The silty

clays used in this st udy 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

t ical stresses under various overconsolidation ratios (OCR's). This thesis presents

these test procedures and the test results. Cone penet rat ion tests were also COil ­

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

shear vane tests and to correlate the cone penet ration resistance to the undrain ed

shear stre ngth from shear vane and direct shear tests. Centrifuge modeUing prin­

ciples and the current methods to convert cone tip resistance to shear strengt h are

also presented. Test results show that the shear strength of K-S is higher than that

of pu re kaolin. Shear strengt hs of heavily overconsolidated clays obtained from

the shear vane tests are higher than those obtain ed from the direct shear tes ts . A



ccrrelat ica between cone tip resistance and undrained IMar . ttftlt;th is presented .

T he shear strCDt;th or K·S interpreted from CPT te5ulu WA:!I round to lie between

the direct shear and shear nne test results and show. a good corm atiOIl in the

measurement of shear strength.
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Chapter 1

Introduction

The det erminatio n of soil strength is an importan t aspect of geotechnical en­

ginee ring, The undrained shear str engt h of clay s is affected by t he soils physical

proper ties and stress conditions (La.dd et d" 1917). The undrained str engt h can

be estimated from field tests as well as labora to ry tes ts. As field tes ts ar e usually

expensive and time-consuming, labora tory sheer tests are widely used to provide

insight into the strengt h behaviour of d ays.

In 1991, th e Centre forCold Ocean Resources Engineering (C.CORE) I'.t Memo­

rial University of Newfoundland undertook". contract project entitled "Centrifuge

Modelling of Laterally Loaded Pipelines" . The aim of thi s study was to investigate

th e load transfer behavio ur of buried pipelines using centrifuge model tests and to

determine the soil-pipeline int eract ion factors and the effects of trench geometry.

Kaoli n clay was used as the model clay. Th e undrained. shear stre ngth of kaolin

W/LlJ e:ltimated using the following emp irical equat ion [Pocr ocshaeb , 1991):

(1.1)

where c", is th e undr ai ned shear strength, 0': is the effect ive vertical stress and OCR



is the cverconsolidetjc a ratio. However, the und rained st reo&thof th e soil est imated

Wlins the abo ve equat ion W&I found to not correlate well with the centrifuse cone

pe net ration test results .

Furthe r centrifuge modelling of latera lly loaded pipeli nes is be ing conducted at

the C-CORE centrifuge centre. The effective ver tical st ress, 0': can be estimated

ulin~

O':=pNgh... (1.2)

where f' is t he density of thesoll (submerged density for the soil below water table),

Ng is the acceleration level during the centrifuge tC!l t And h", is the soil depth.

The one-d imension ally consolidated undrained direct simple shear test results

of days presen ted by Ladd and Edgers (1972) iadlceted tha t stre ngth o( some over-

consolidated d art ca n be expressed using

(1.3)

where the value of m is a soil parameter, 0':" is the effective vertical st ress at the be­

ginn ing of shear, OC represents overconsolidaled soilsan d NC represents normally

consolidat ed soils.

In order to predict the undrai ned shear st rength profile, it is necessary to

develop a reliable relationsh ip between the und rained shear strengt h c" and th e

effective vert ical stress O'~ . Such relat ionships ar e typically assumed to be of th e

form

5:- =Q(OCR)"v: (I. ' )



where the parameters a and (Jshould be properly estima ted.

Equt.tion (1.3) and Equation (1.4)are essentially identical. For normally con­

solidated cleye, Equation (1.4) becomes

~=Q.
o.

(1.5)

The purposes of this thesis are La investigate the undrained shear strength of

the kaolin clay and to developa higberstrength model c1a.y for use in the centrifuge

model study of soil-pipeline interaction. Kaolin day and a kaolin-silt mixture were

tested as the modelling silty c1a)'3. The following chapters of this thesis introduce

the test techniq ues end the results or direct shear tests, shear vane tests end cone

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

and the kaolin~silt mixture.



Chapter 2

Literature Review

O ne of the purpose oC th :.s thesis is to investiga.te t he st rength behaviour of kaoli n

and a kaolin-silt mixture usin g direct shear tests, shear vane tes ts and cone penetr a­

t ion tests . In order to provide some background rela ted to t he study, th is chap ter

presents a review of direct shear tests , shear vane tests and cone penetr at ion tests ,

and introd uces the applications of cen t rifuge modelling in geo technical e ngineering.

A rev iew of the behaviou r o f kaolin-based d ays is also presented .

2.1 Shear S trength of Clays

Shear strength of a soil is the internal resistance per unit area that the soil

mass can offer to res ist failu re and slidin g along any pl a ne inside it (Das , 1985) . In

geot echnical enginee d ng, many failures ofsoilslructures and foundatio ns result (rom

inad equa te shear st rength. Sheu stre ngth is an importan~ mechanical characte rist ic

or so il, is Influenced by many (actors an d may be estima te d Irom field and laboratory

test result s.

Tb e shea r streng t h ofa so il is directl y relate d to Its normal st ress; the relat ionship



bet ween th e norma l st ress a nd sheQ.l' stress on a failure plane can be exp ressed as

(2.1)

whe re, TJ is the shear stres s at failu re, (1 ' is t he effective nonnal st ress, ~' is t he

effective angle of int e rnal fr ict ion and c' is cohesion. T his eq uation is well known

as Mohr-Cou lomb fail ure criterion. For coheeicnles e ma terials, such as sand, t he

valueofc' is usually zero.

However , the st re ngth be haviour of soils is very com plicat ed . The shear stre ngth

of soils is affecte d by soil physical p rope rties (such as min eralogy and consistency),

confining p ressure, s tres s history and other fact ors. Some mai n factors influencing

soil shear st rengt h are 119 follows:

Void ratio: Void ratio is perhaps the most important pa rameter a ffecting t he

shea r streng t h of sa n ds. Generally speaking, t he lower the vo id ratio, the high er

the shear strength ( H oltz and Kovacs, 1981). The parameter ~'in Equation (2.1)

cha nges not o nly wit h soilt yp e, hut also with soil void ratio.

Time effect: Creep of soil isthe ti me-depen dent st r a in which develops at a rate

controlled by the soil viscous resistance (Mitc hell , 1976 ) . Seco ndary conso lida t ion

of soils which contin ues alter primary consolidat ion is a kind of creep. Creep of a

soil causes no t onlystrain bu t alsost ress redistribution within th e soil ( Kavazanjia.n

and Mitchell , 1984).

Anisotropy: T he ani sotropy o f soil incl udes three aspects: the anisot ropy

of t he soil st ructure , the et r eeees appli ed to the soil and the boundary conditio ns



(Duncan and Seed, 1966) . Duri ng one-d imensional dtpo.ition end loading, par ticlf'S

01to ils ttnd to become h oriwn t ally oriented (Ladd d 41., 1977). Th is ori enlation

01particles causes inhere nt aniso t ropy 01 the soils and resul ts in changes of s trt'tlgth

a.nd o t he r properttes of t he soile. Duncan and Seed (1966) have shown t hat t he

anisotropy of particle ori e nlation of II. kao linite cau ses lLI much &5 a 10% m ange in

undra ined st ren gt h.

St reSS history: One 01the most im portan t characte ris tics o f soils is thll t soil

strengt h is significantly in8uenced by st res s history. In ma.ny cases, etrcee hi slory of

II. soil is represen t ed by t he overcon solida t ion ratio (OCR). In one d imension al test ­

ing, an overccnsolid ated so il hu not only a lower void rat io but a lso :l. higher lateral

stress th an a normally co n solida ted. soil; th e undra ined st re ng th of c vcrccneclidated

soUis higher th an that o f normal ly conso lidated so il. Th e one-dim ensionally con­

solidated undrained direct simple sbear tes t result s or clays presented by Lad d and

Edgers{1972} in dica ted t hat the undrai n ed st rengt h of c ve rccnsoli dated cla Y' in­

cre.ues with overco nsolidat iOll ra t io and effective vertical st ress (11:) at the beg inning

oCshea r .

Th e sheArst ren gth o f clay. is also affec ted by the degree of sa tu ration , sample

disturb ance , soil type, grain size dh tri b u tion, ra t e of she ar ing, t emperat ure and

otber en vironment al cond ition s.



2.2 M easurement of Shear Strength

Shear at rcngth of eoil can be estim ated from t he empirical correlat ion and alec

can be determined directly by some of the laboratory tests, As discussed above,

there are many factors which may a1fect ttc strength of soils. The sbeer strength

determi ned by different laboratory tests may also change, depending DOt only 00

the type of test b'l l also on t he drain age and consolidatio n condi tio ns. Among the

many teat met hods, the direct shear lest and t riaxia l test are t he two main types of

shear tests. The laboratory vane test is also a commonly used test, especially (Of

soft day s.

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, e epcclmen container, called 'ebeer bcx', is separated horizontal ly into

two halves. One-hellis fixed, while t he ot her is either pulled or pushed horizontal ly,

A normal load may be applied to the soil specimen. A stress- or st rain-contro lled

shear Coreecan be applied to the specimen. As the applied shear force is horizontal,

the failure plane is restr ained to be horizontal (Holtz and Kovacs, 1981).

T here arc some limitat ions and disadvantages associated with direct shear test.

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

along t he weakest plane (Das, 1985). In additio n, the shear str ess distr ibut ion over
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Figure 2.1: Stress Stat es and Shea r St rain Distribut ion in Direct Shea r Test

t he shear surface is not uniform (Wood, 1990). The atrees etetee and shear strai n

dist ribut ion of soil of direct shear test is shown in Figure 2.1. Dur ing shearing, t he

pr incipal stress plane changes. Anoth er disadvantage of the d irect shear test is th at

t he pore pressu re generate d du ring th e test cannot be measured (Vickers, 1983) and

therefore t he drainage cond ition is ha rd to cont rol; the only way to judge t he tes t

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

2 .2.2: Triaxial Test

Th e triaxial test is the most widely used met hod for the dete rminat ion of shear

st rengt h pa rameters. In this test , a cylindrical soil samp le is encased by a t hin

rubber membrane and placed inside a pressurised chamber which is usually filled

with wate r. Th e sample is subjected to an isotropic stress by prcssurising the fluid



in the chamber. To shear the .pecimeo. , aD axiald ress ill normally applied through

& vertical loading ram to causeshear failure (Du, 1985). Compared with the direct

shear tes t , the t riaxialtelt hu the following advantages:

(I) Drainage condition can be controlled according to the telt purp oses;

(2) Pore pressure in undrained tells cen be monitored And volume change cb­

servatk>ns in drained tests CaD be conducted;

(3) The soil failure can occur on any plane depending 00. the etrese conditione;

(4) Back pressure may be applied to increase the degree of saturation of soil

samples.

2.2 .3 Sh ear Van e Test

T he laboratory shear VADe test is another simple way to determine the undrained

shear It ren!th 01soils. During test ing, the veae is pushed into a soil, a.nd a torque

is applied to the rod of the vane at a constant rate_ The shear st rength of the 8Dil

ea.nbe obtained by measuring the maximum torque required to cause a cylindrical

CaBute surface prescribed.by the vane blade edges. The muimum torque is usually

measured from the spring rotation angle. As described by FJa.ate (1966), there are

aeveral factors affecti ng the results of vane test:

(1) Vane Sha pe and Size

The most popular type of vane is the -t-blade rectangular vane with a H/D

(Height/Diameter) ratio of 2, although Silvestri et al. (1993)used different shapes in

their stud ies. Fta.ate (1966) and Arman d al. (1975) indicated that the effect of the

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



and Odenstad (1950) also showed tha t when an HID ratio of 2 is maintained, the

vane blade diameter ha.s DO ef'ect on the results . For laboratory vane tellis , Vey

(1955) found that a vane with higher HID ratio may have a lu ge degree of sample

dist ur1"ance. Almeidaphysic.al and Pury (1983) recommend a vane size of ISmm in

diamete r and 14mm in height . Area. rat io, defined as the rat io of the cross sectjcn

u ea of the vane to the Cf'OIS sect ion area of the shea red soil eylinder, is directly

proport ional to the vane size. Vickers (1983) suggests tha~ the Mea ratio should be

les, t han 12%.

(2) Disturbance d ue to Inse rtio n

During penetrati on 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 vane as it is

pushed into the soil t bus the &rea ratio of the vane increasefl. Davies d 01.(1989)

found th at t he dist urbance of the soil around the vane sbaft was symmet rical a.od

exte nded to ahout 2 times the radius of the shaft from its center line.

(3) Sh ear Velocity

Although in ASTM 0 4648·87. it is mentioned that the va:.~ device should rota.te

the torque spring at a.conlLant rate cf 60· per minute . there is no Itanda.rd vane

rota tion rate {or the laboratory vane test . Extr emely (.., t rotation n. tes may cause

the undrained sheer It rength to increase because of viscous effects. At very low

speed, significant consolidation occurs which may also cause higher values of shear

st rength (Sprin gman, 1993). Perlow and Richard, (1977) studied the effect of shear

velocity on vane shear strengt h and pointed out that since the shear velocity at the

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

10



differences in the shearing rate at the failure surface exist between large and small

vanes at similar rotation rates. The wide range of vane sizes and rotation rates

CM result in significant differences in shear velocity. Monney (1969) found that

laboratory strengths obtained at a rotation rate of 900 per minute were nearly 30%

higher than st rengths measured at 10 per minute on relatively undisturbed marine

clayey silts.

(4) Ot her Facto rs

Othe r factor:!euchas 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 a.f£edthe vane test results.

2.3 P roperties of Kaolin and K aolin-Based Mix­
tures

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

used in centrifuge modelling tests to investigate many practical problems (Spring­

man, 1993). The behaviour of kaolin clay has been investigated by many people such

as Atkinson et al. (1987), Rossato d al. (1992), Lawrence (1980),Springman (1993)

end Parry and Nadaraja h (1973). Table 2.1 and 2.2 summarized the properties and

compreaaibility of Speswhite kaolin obtai ned by some of these researchers.

As discussed previously, the undrained shear st rength can be expressed ll.II:

(2.2)

The constants Q and P in above equation fer kaolin were obtained by some re-

11



Table 2.1: Physical Properties of Spcswhite Kaolin

Atkinson et aI. Rossato el al. Lawrence
(1987) (1992) (1980)

Liquid Limit % 65 63 69
Plastic Limit % 35 33 38
Plastic Index % 30 30 31
Specific Gravity 2.61 2.61
Clay Fract ion < 2Jlm % 80 82

Table 2.2: Consolidation Parameters of Spcewhltc Kaolin
(after Springman, 1993)

o; e c,
lO-'~ml"

Source
kP. mm2

/ "

400·700 1.10 0.35 0.68 AI·Tabbaa. 1987
120-450 1.21 0.57 0.34 Dransby 1993
100-200 1.30 0.18 0.95 Ellis 1993
54·91 1.54 0.25 2.87 Sharma 1993)
43·86 1.54 0.27 2.06 Springman 1993)

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

listed in tab le 2.3.

From Table 2.1, it can be seen that the plasticity index of kaolin is about 30%.

Th e d ay fraction of kaolin is about 80% which is much higher than natu ra l d ays

and resul ts in a. lower stiffness a.ndweaker shear strength. This disadvantage may

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

12



Table2.3: Strength Constants of Speewhite Kaolin

Reference
Nunez 1989)
Bcltcu et ai. 1993
Sprin man 1989)

Note: 0, {3are meanvalues.

0.22
0.19
0.22

0.62
0.67

0.706

Table2.4: Properties o( Some Kaelin-Based Mixtures
(after Rossato et al. (1992) and Springman (1993))

Pure Kaolin KSS KRF NaturalClay
u; ~3C%iw. % 63 38 35.5

wp % 33 21 17
I p % 30 17 18.6 30
G. 2.61 2.63
Cla.yFra.ction < 2pm % 82 55·65 43
",fa TXC 0.197 0.244 0.233 0.308
c, a TXE 0.180 0.186 0.199
c..! tT"",or DSS 0.152 0.180 0.222

13



with higher strength . The kaolin-based modelling clay! have been shown to have

some advantages compared to pure kaolin (Rossato d al., 1992). Springman (1993)

obta ined a kaolin-based mixtu re by mixing 70% Speswhite kaolin with 30% 180

grade silica rock flour (KRF) . Rossato d at. (1992) obtained another m ixture by

combining 50% Speswhite kaolin, 25% fine quartz sand and 25% industr ial quart z

silt (KSS). The physical properties of these two materials are listed in Tab le 2.4,

where TXC is the short form for triaxial compression test , TXE is triaxial extension

tes t and nss is direct simple shear tes t . From table 2.4, it can be seen that the

shee r strength of the kaolin mixtures are higher than pure kaolin.

2.4 Cone P enetra tion T.,st

The cone penetration test (CPT) is a tech nique for the measurement of soil

properties by pushing an instrumented cone into soils at a constant rate . T he main

applications of CPT are to determi ne the soil profile and identify soils and to evaluate

soil engineering parameters. In some cases, CPTs may be accompan ied by boring s to

achieve more reliable test results. The CPT can provide continuous meas urement

of ground conditions; it also causes less dist urbance of soil layers aasccieted with

boring and sampling. The CPT technique has been widely used in research and

engineering practice. Because of the complex changes or stress, strai n and pore

pressure dur ing the cone penetr ation test , it ie difficult to make a comprehe nsive

theoret ical enelysie. In engineering practice, t he analysis of CPT is highly empirica l

(Meigh, 1987).

For a standard cone penetrometer, the cone is 60~ and the cross-sectlona l area is

14



usually 10, 15 or 20 cm3• In centrifuge modelling, much smaller cone penetrome ters

have been used (Ferguson and Ko, 1981; Davies et 0/., 1989). T he standa rd rate

of ia-eitu cone penet ration is 20±5 rom!! (Meigh, 1987). Some penetromete rs can

measure both tip reeietenee (q.) and side friction (I.) ; others can only provide qe­

Othe r piezocone penetromete rs have also been developed for additional measurement

of pore water pressure in soils during cone penetra tion (Konrad and Law, 1987;

Mayne an d Holtz , 1988; Sully and Campane lla, 1991).

Anoth er impor tant parameter of CPT is the friction ratio, Rf, which is defined

as the ra t io of side frict ion to tip resistance a nd expressed as

(2.3)

and which is very useful for soil dassificatic 0..

CPT data can be used for estimation of t he relat ive density of normally ccnsc l­

idated sand (Jamio lkowski, 1985) and overconsclideted sand (Schmertmann, 1975),

sand strengt h (Durgunoglu and Mitchell, 1915) and ot her parameters (Meigb, 1987).

Also, extensive investiga tions beve been car ried out for determin ing t he properties

of clays using CPT, including und rained shear st rength oi norma lly consolidated

clays [Lunne and Kleven, 1981) and overconsolidat ed clays (Mars lan d and Quarter·

man, 1982), and deformability of d ays (Meigh, 1987). In addition , CPT has also

been used for the estimatio n of pile bear ing capaci ty (Meigb, 1987), for t he cont rol

of ground improvement (Juilie and Sherwood, 1983) U1d for t he determination of

liquefaction potential of sand layers (Zhou, 1980).

Cone tip resistance q., changes directly with undrained shea r st rength of clay,

1.



e"., which is usually determined by in situ vane test ; the expression equating the two

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

c,, =~
N,

where (7110 is total overburden pressure and Ne is a cone factor.

(2.4)

A range of the Ne values bas been found (Amar et ai" 1975; Lunnc et al., 1976);

there is no universal Ne for all clays. Tbe value or N. changes with soil physical

propert ies and overconsolidation ratio.

2. 5 Geotechnical Cen t rifuge Modelling

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

earth pressure, bear ing capacity and settlement, can be solved using theories baaed

on a set of simplified assumptions, it is sometimes 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 controlling the test condition reduce the application

value o~ field tests. Laboratory tests , on the contrary, are easy to operate and the

test condition is easier to contro l (Mikasa and Takada, 1973). As soil is a high

non-linear material and its mechanical propert ies depend on the state or effective

st ress, model similarity requires that any st ress in the model be equal to that in the

prototype. It is bard to find a modelling technique which may sat isry self-weight

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

model or an earth slope SOem high experiences very different self-weight etreeecs

than an actual earth slope with a height or 50 m. The stress intensity due to selr-
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weight. of the smell scale model j! much lese than that. in the prototype and hence

the stress-st rain behaviour and the patterns of deformations can be quite different

in the two situat ions. In order to solve th is p-eblem, the centrifuge technique has

been int roduced for geotechnical applications. In centrifuge modelling tests, the

gravitati onal effect can be modelled. By applying a. centri fugal acceleration , th e

self-weight etreee distrib ut ion can be corrected to simulate the stress conditions in

the prot otype.

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

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

USSR int roduced th is tech nique to geotechnical engineering (Rowe, 1975). Many

important developments of the cent rifuge technique for geotechnical problems were

made at the University of Manchest er and the University of C&mbrige in the United

Kingdom in the 1960's and 70's (Rowe, 1975; Schofield, 1980). Currently, there

are geotechn ical centrifuge facilities in the USA. United Kingdom, France, Jap an ,

Canada, China and other count ries.

Geotechnical centrifuge modelling has been a well-recognized resear ch technique

to fulfill similarity in model tests for investigat ing many kinds of problems in geotech­

nical engineering. The centrifuge technique has been used for stud ies of soil con­

solidat ion (Kimura et al., 1984), retaining struct ures (Schcherbina, 1988), dams

and embankments (Lee and Schofield, 1988; Feng and Hu, 1988), shallow and deep

founda tions (Kutte r et al., 1988), cone penetration tests (Ferguson and Ko, 1981;

Springman , 1993) and soil liquefaction potentia l (Hushmand etat, 1988).
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Chapter 3

Materials Testing

Two types of remoulded soils were used in this study: kaolin clay an d a kaolin-silt

mixtu re (K·S). The former was obtained by mixing Speewhite kaolin powder with

water while the latt er was obtained by mixing equal amounts of Spcewhite kaolin

and Sil-Co-Sil silt with wate r. Th is chapter int roduces t he physical c.haracteristics

of these two clays and t he oedomeler consolidation test results.

3.1 Physical Characteristics

In or der to classify the kaolin and the kaolin-silt mixture, t he plast ic 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 th e fall cone metho d. T he specific gravity

teats were conducted following the procedures describ ed by Bowles (1986). T he

test results are given in Table 3.1. In the grain size analysis tests, t he hydrometer

method was used and all soil particles passed through a a.o'{Smm sieve. T he grain

size d istributions of the kaolin, silt and kt-.olin-silt mixtu re are shown in Figure 3.1.
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Table 3.1: Properties or Kaolin and K-S

Soil Typ e Kaolin Kaolin-Silt Mixtu re

Liquid Limit , W l, : % 59,3 35.2

Plas tic Limit , Wp : % 28.7 15.7

Plasticity Index, Jp : % 3°,6 19.5

Specific Gra.vity, G.: 1 2.63 2.62

Mean Grain Size, D5Q: mm 0.0005 0.0035

Clay Fraction « 2pm): % 73 42

' 0 '1 0~ 10"
Grain Dlameler (mm)

0 -

0 ,. I,-- .,/

K"oll

/
.K.
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~ 60
;;:
c
!i 40
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Figure 3.1: Grain Size Distribut ion Curvet!
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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 obta ined by Rceaetc et al. (1992) and Lawrence

(1980). Both the liqu id limit and th e plas tic limit of the kaolin of this st udy are

lower t han those listed on Table 2.1, which may be due to the fact that th e clay

frac tion of the kaolin of this st udy is 73% while the d ay fract ions listed on Table

2.1 are 80%and 82% respecti vely. T he plastic indices on Table 3.1 and Tab le 2.1

are very close.

The kaolin and the kaolin-silt mixt ure are inorganic clays. According to ASTM

D2487 (1993), the kaolin is a fat clay ofhigh plasticity, classified as Clli the kaolin­

silt mix tu re is a lean clay, classified as CL. The kaolin will have low stren gt h and

low per meability.

3.2 Oed ometer Consolid at ion Test

3.2. 1 Test Program

1'0 dete rmine the consolidat ion charac teristics of t he two soils, codometce con-

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

speci men and observing the vert ical deform ation of t he specimen with time.

T he inner diameter of the oedom eter used in t his test was 61.8 mm. The

specim en WAS tested under two-way drai nage conditions. Vertical loads were applied

to the spe cimen by dead weights thr ough a lO'l.ding fram e. T he load increment ratio

(6(1,, /(1,,) was kept to 1 (except th e first toad increment step) accord ing to ASTM

D2435-90. Each load increment was applied for app roximatel y 24 hours. Vertical

deformat ion of t he spe cimen was mo nitored using a dial gauge.
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The kaolin lIJId K·S slur ries 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

init ial 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. Th e dial gauge wea set up and water was added all around

the specimen . The timer was started and the readings of the dial gauge weretaken

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 tota.! 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 2nOkPa. The dura tion 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 R esu lt s

For the two cleys, the initial water content, wo, and specimen height, Ho, were

measured before the tests were conducted . The observed accumulated deformation

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

eo, and the height of solids, H., can be calculated using (assuming 100% saturatioo)

(3.1)
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Table 3 2' Parameters for th e Calculation of Void Rat io. .
Soil Type

(';:,)
G. (:;.) '. (:~)

Pure Kaolin 91.3 2.63 54 2.401 15.9

K-S lofixture 67.6 2.62 5.\ l.771 19.8

H -~
. - (1 + ,.) (3.2)

where G. is the specific gravity of soil. The results are shown in Table 3.2.
According to ASTM 02435-90, the void rat io of the specimen of any height can be

calculated using the followingequat ion:

(3.3)

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

The coefficient of compressibility, all , the coefficient of volume compressibility,

m.., and compression index, C~, are important parameters used to eeumet c soil

compression. The definitions of these parameters arc

m,,= 1:lI

el ' and

C~ = 109(t1~2ela~1 )

(3.')

(3.5)

(3.6)

where el and e2 are the void ratios at the beginning and the end of th e consolidation,

.6.e is the change of the void ratio, O'~I and 0'~2 are the corresponding effective

2.
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vert ical pressures at CI and ea, and .6. 0"~ is the change of vertical effective stress.

T he coefficient of consolidat ion c" can be determined using

O.S48T"ii'
c"= -t-",- (3.7)

where tooobtained using the square root of t ime method (Bowles, 1986) is the time

required to reach 90% consolidat ion. Tv is the t ime factor (at consolidation degree

of 90%, T" is 0.8·18), and 11 is the length of the drainage path which is equal to half

or the av('rage sample height. T he results of c... . alt. C~ and m, are given in Table

3.3 and 3.4, in which, fJ 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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Table3.3: Compression Parametersof Kaolin

Average

Ik';:'.\
H

~:, 1";;:'1,' ", e
I Il/;;P.\

C,
( 1 /~lP.\(mm)

0....14 48.183 9000 0.0547 0.7328 2.035 55.100

14....25 41.183 3480 0.1033 0.1490 1.593 12.732 0.5435 4.77

25-50 38.678 1980 0.1602 0.1665 U 36 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 1.323 0.4394 0.80

200-400 31.903 540 0.3996 0.1212 1.009 0.606 0.4028 0,29

400....800 30.080 290 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 0.3566 0.09
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Table 3.4: CompressionParametersof KHS Mixture

Average

Ik';:.)
7i

;~ (0:' /5)
d , e '. C, m,

[mm] 1110"' ) (I / MP. ) (I/MP. )

0.....14 49.163 7260 0.0706 58.818 1.477 44.2243

14-25 42.353 2340 0.1625 9.605 1.134 8.3801 0.3577 3.84

25-50 40.395 1215 0.2847 9.926 1.036 3.9703 0.3297 1.90

50.....100 38.452 735 0.4265 9.654 0.938 1.9307 0.3207 0.97

100....200 36.603 540 0.5260 8.983 0.834 0.8983 0.2984 0.48

200_4 00 34.875 420 0.8139 8.429 0.747 0.4215 0.2800 0.24

400-80 0 33.318 290 0.8115 7.255 0.679 0.1814 0.2410 0.11

800_ 1200 32.292 276 0.9009 3.089 0.627 0.0772 0.1754 0.05
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3 .2.3 Result A nalyses

In critical sta le theory, the romp rcsslon and swelling lin ~'1I arc M NIU HCt I to be

straig ht in (n(p' )." space with ~ lopcs .'\ and . ,. respectively. Here II' is tile mean

effect ive principal stress and v is the specific volu me (t'= l te). The value of p' carl

be ca lculated usin,;

(3.8)

where 0':is effect ive vertical st ren and 1<. is the coefficient of eartli pressure lot rest

which can be exp ressed 3.!1 (Mayne and Kulhewy , )982)

J( . = (1- sin¢/)(OC.'l)"no/l (3.9)

where ¢' is th e effective angle of intcrnlll friction a nd OCR is ovcrccnsclida ticn rat io .

For kaolin. 6' =23- (AI-Tabbaa , 1987) and lI~ing Eq'I,·.tion (3.8 ) the data in
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Table 3.3 results in .\=0.187 and 1(=0,051. The average values of kaolin obtained

by AI·Tabbaa.(1987)are .\=0.187 and 1'1:=0.028.

Wood (1990) introduces the estimations of A and '" using

AI:l:l:2.3C~ (3.10)

(3.11)

where Cc is the compression index and C. is the swelling index in one-diment ionaUy

consolidation te sts. 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 .\=0,197and 1(=0,0402

while th e values of C.= 0,294 and C.=0.0361 of the K·S mixture yield >'=0.128 and

11:=0.0157.

Using the data in Tab le 3.3 and Table 3.4, the relationsh ip between Cuand void

ratio, e, of the kaolin CAIl be expressed as

(3.12)

and for K·S mixture,

(3.13)

where Cu is in m 2/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 {or kaolin, the Cuval ues of

the two st udies are close at high void rat io 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 c., values

of th is study increase much slower with vertical s t ress when the vertical st ress is

greate r tha n 400 kPa, The result s are in accordance with the fact that c., reaches

29



a plateau of 0.35 x 10- 1 m'/$ when vertical stress is between 400 kPa and 700 kPa

(AI·T.bb ... 1987).
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