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ABSTRACT: The undrained shear strength of soil is one efrttost important parameters required for
geotechnical design. Depending on the design singtthe undrained shear strength of soil may have
be determined by different tests. In this papemesdesting data on the determination of the unéddain
shear strength of a residual soil in Singaporepsesented. Large blocks of undisturbed residudl soi
samples were taken from a construction site ofteep Tunnel Sewerage System Project in Singapore.
To study the inherent strength anisotropy, specenr in both vertical and horizontal directionsreve
tests. The anisotropy behaviour of intact resids@l was also investigated under different major
principal stress directions. The tests conductetudedK, consolidated undrained triaxial compression
(CKoUC) and extension (CKIE) tests, ando consolidated undrained direct simple shear JdBSS)
tests. Based on the experimental results,cth@, versus OCR relationships of each type of tests are
established for practical applications. The failareelopes and friction angles determined fromedgffit

types of tests are also compared.

1. INTRODUCTION

Residual soils are widely distributed in tropicagions, which are
formed in place by the following processes, e.gofporation of
humus (decaying vegetation), physical and chemiesdthering,
leaching of insoluble materials, accumulation cfoluble residues,
downward movement of fine particles (lessivage) dislurbance
by root penetrations, animal burrowing, free fatidadesiccation
(Fookes, 1997). In tropical regions, weatheringhaf parent rocks
of residual soils is more intense and occurs tatgredepths than
elsewhere. This is led by the tropical climatic ditions, such as
high temperatures and precipitation. The engingebiehaviour of
residual soils is significantly influenced by theogress of
weathering process, the presence of bonded stescamd fabric,
and also by the depth of penetration of which médlinfluenced by
the discontinuities in the parent rock (Hight & beeil, 2002; Viana
da Fonseca, 2003).

Residual soil, as a common but important materiarapical
regions, has been studied intensively for decadesearches were
carried out to characterize the engineering pragerof residual
soils (Winn et al., 2001; Viana da Fonseca, 200ght& Leroueil,
2002; Rahardjo et al., 2004; Zhang et al., 20070)study the
weathering effects during soil formation (VaugharkKé&an, 1984),
to index the engineering properties of residudss®aughan et al.,
1988), to investigate the effects of soil structarethe engineering
properties (Leroueil & Vaughan, 1990; Nagaraj et 4B98), to
analyze the compressibility behaviour (Nagaraj.etl898) and also
to evaluate the collapse behaviour of it (Rao & Resadappa,
2006; Huat et al., 2008). It should be pointedthat the majority of
laboratory studies on residual soils were carrietian small scale
of intact residual soils or compacted residualss@hd tested under
triaxial or oedometer conditions. The studies gargith anisotropy
of large blocks intact residual soils were seldoRelevant
investigation is worth to be carried out.

Anisotropy refers to the variation in material peojies with
direction. When soil deposits, its particles hatrergy tendency to
align themselves in a direction normal to the dicecof deposition.
Therefore, natural clays exhibit significantly @ifént structure and
strengths in the vertical and horizontal directions

Civil engineering construction almost invariably dahves
changes to the stress state in the ground, regttinmovements
and requiring stability under the new stress redioniee considered

(Leroueil & Hight, 2002). The construction procee$ earth
structures will also lead to principal stress riotat

Figure 1 shows an example of stress changes bergeath
vertically loaded circular footing (Leroueil & High2002). The
stress state changes in terms of deviator stresprsented in
Figure 1(a), as contours dftm —Agg)/2p associated with a
pressurep applied on the circular footingla; and Asg are the
changes in major and minor principal stresses otisgdy. The
changes of stresses beneath a circular footingdcaldo be
presented in terms of major principal stress divactr changes in
the relative magnitude of the intermediate princigieess 4b) (as
shown in Figure 1(b) and (c)). The direction of amaprincipal
stress was defined as an angtéo the vertical, and thdb value is
calculated by Leroueil & Hight (2002) as:

ﬂGg - 1’.‘&0_3

Ab = )

ﬂﬂl - ﬁ&'—a

It is clearly observed that both magnitude and dfiioe of
principal stresses were affected due to the loadliimgosed on
circular footing.

Another example is given in Figure 2 for the stresaditions
along failure surface beneath embankment. If thél
anisotropic, the available undrained strength waty along the
potential failure surface. The, changes withg; along the slip
surface as shown in Figure 2 (Bjerrum & Aitchisoi73; Graham,
1979; zdravkovic et al, 2002). The rotation of pipal stresses
was also obtained in excavation project (Figuréa&gr Clough &
Hansen, 1981).

The effects of the principal stress rotation caratigbuted to
the anisotropy of sails, including inherent anispyr and induced
anisotropy. The inherent anisotropy refers a playsibaracteristic
inherent in the material and entirely independenthe applied
stress, whereas the induced anisotropy refers asiqaly
characteristic due exclusively to the strain asged with applied
stress (Casagrande & Carrillo, 1944).

Since sedimentary soils are inherently anisotropheir
response to loading will depend on the directiofsponcipal
stresses in relation to the deposition directiontaRan of the
principal axes of stress occurs in practice undestntypes of
loading. Even the loading imposed by the simpleatnéiation
induces a rotation of axes at all points, excemteurihe center of
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the foundation (or under the centerline if it istép footing) (Joer
et al, 1998).

For residual soils, the inherent anisotropy is doe the
development of an anisotropic macrostructure ancrasiructure
after deposition of particulates through air or evatwhen
compacted, which is a product of weathering prazeBica et. al.,
2008). Inherent anisotropy of the soil is resultfran the structure
of the material, i.e. its fabric and bonding atlellels. Whatever
the soil condition, microstructured or not, inducadisotropy
derives mainly from volumetric strains imposed ba soil during
shearing (Leroueil & Hight, 2002). When the micrasture is
preserved during loading, inherent anisotropy isidant (Bica et.
al., 2008). Anisotropy at small strain bears natieh to anisotropy
at large strains, since anisotropy induced by retraian modify
inheren anisotropy (Hight, 2001).

As for induced anisotropy, Broms and Casbarian (1965) <

proposed that its effects on clay may be attributedthe

reorientation of the individual clay particles.hias been observed

(Lambe, 1958; Hvorslev, 1960) that flat clay paesc have a
tendency to orient themselves perpendicular tadtfextion of the
major principal stress. The tendency of the indiaidclay particles
to align themselves parallel with the final failygane will increase
with increasing rotation of the principal stressedtions.
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Figure 1. Stress Changes Beneath Vertically Loadezuifair
Footing on Isotropic Linear Elastic Foundatian<0.45): (a)

Contours of{Agy — Agg)/2p; (b) Contours ofx; (c) Contours of
Ab (after Leroueil & Hight, 2002)
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Figure 3. Rotations of Principal Stresses in ExtiaaeProject
(After Clough & Hansen, 1981)

2. MATERIAL AND TESTING SYSTEMS

In relation to a tunnelling construction project $ingapore, the
strength anisotropy of an intact residual soil wasgestigated
through laboratory tests. Large blocks of intacsideal soil
samples were taken from a construction site ofReep Tunnel
Sewerage System project in Singapore. A serigest$ including
Ko consolidated undrained triaxial compression {0€) tests Kg
consolidated undrained triaxial extension (OE) tests andKg
consolidated undrained direct simple shear JIBSS) tests were
conducted to investigate the induced strength &oisp behaviour.
The inherent strength anisotropy was studied bydeoting
laboratory tests on intact residual soils cut fifedent directions (as
shown in Figure 4). Part of the testing data wa®red by Meng
et al. (2007), Meng et al. (2008) and Meng & Chul(®0

Vertically cut specimen  Horizontally cut specimen

Figure 4. Cutting Orientation of Undisturbed SqgieSimen

The Bukit Timah Granite, as one of the oldest foromst in
Singapore, widely distributed in the central andtimern parts of
Singapore Island. Large blocks of soil sample wetgeved 19.4m
from the residual soil layer that belongs to thenfation of
weathered Bukit Timah granite by carefully cuttihg soil using a
cutter. This soil layer belongs to completed wetiéfine grained
soil”, as indicated by Winn et al. (2001). The d=gpof weathering
of the granite decreases with depth. Field obsenstindicate that
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the weathering of the Bukit Timah Granite has besidr and is
primarily due to the chemical decomposition undee tumid
tropical climate of Singapore.

The ground water table was at 2.1 m below the gidewel.
The in-situ effective stress was estimated to b&kP8, in both
vertical and horizontal direction. A pre-consolidatpressured’)
of 300kPa was determined from tkg consolidation tests using a
triaxial cell (Meng & Chu, 2011). It should be notédht the term
“pre-consolidation stress” was used in the genazdlterm to mark
a yielding point. The basic soil properties astelil in Table 1. The
grain size distribution curve is presented in Fgus. The
microstructure of intact residual soil of Bukit Timagranite was
studied with the aid of a scanning electron micopgc(SEM). An
example of SEM images was given in Figure 6. Wité scale of
2.0um provided by SEM, laminated micro-structure waseshed.

The testing systems have been described in detdfleng &
Chu (2011). For triaxial tests (GKC & CKuUE tests), the
specimen was anisotropicalli{d) consolidated under the condition
of de,/ds; =1 by increasing the vertical load gradually. This
technique was proposed by Chu (1991) and Lo & CBax)L

Table 1. Basic Properties of Intact Residual SoBwkit Timah

Granite
Soil Properties Value
Bulk Density 1.8-1.93 Mg/th
Liquid Limit 43 %
Plastic Limit 2451 %
Plastic Index 18.35 %
Fines Content 50%
Specific Gravity 2.693
Water Content 31%
In-situ OCR 1.54
Permeability 18 mis
SPT N Value 31
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Figure 5. Grain Size Distribution Curve
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Figure 6. SEM Image of Intact Residual Soil of Bukihah
Granite

3. TEST RESULTS
3.1 CKoUC tests

The CKUC tests conducted on both vertically cut and tomtally
cut intact residual soil specimens are presentedrigure 7 &
Figure 8. In all the tests, the specimens vigreonsolidated before
being sheared undrained. To achieve a normallyaiimtaged (NC)
state, the specimen was consolidated to a certdire\of effective
vertical stressg,’, which was far away from the estimated pre-
consolidation pressure (e.g. 900kPa for specimeN1)C-To
achieve a certain overconsolidation ratio (OCR), saglOCR = 2
in test C-V3, the specimen was consolidated to fattdfe vertical
stress §;') of 390kPa, which was far beyond the pre-constibda
stress ¢, = 300kPa), and then unloaded to 195kPa (in-situ
effective vertical stress). The same procedure adagpted for the
specimen with OCR value of 4 (C-V4). The specimen was
consolidated to 780kPa and then unloaded to 199kRhould be
mentioned that, specimen C-V2 was consolidatectijréo the in-
situ effective vertical stress of 195kPa, which w@ser thangy
(300kPa). The OCR value of specimen C-V2 was cakedlas
OCR = 5,'/615" = 300/195 = 1.54. The stress path followed by
Ko consolidation of specimen C-V2 is shown in Figu@) for
reference. The effective vertical stress at entKptonsolidation
(e.g. at beginning of shearing);; are indicated on stress-strain
curves.

Figure 7(a) and (b) present the effective stresisspand stress-
strain curves determined from @UC tests conducted on vertically
cut intact residual soil specimens. The failure edope of the
vertically cut intact residual soil is shown in &ig 7(a). It was
determined as an envelope to all the effectivesstigaths, and
passes through the points of peak effective stass @/p')pear It
is straight within the tested stress range, witliope of 1.2. It is
assumed that the true cohesion of the intact rakishil is small
enough to be ignored, since the intact residudl disintegrated
immediately after soaking into water. Thus, thdufa envelope
within the low stress range is assumed to passigiwthe origin, as
shown in Figure 7(a).

The stress-strain behaviour of the vertically euaét residual
soil specimens determined from G¥C tests is shown in Figure
7(b). It is observed that the peak deviator stfggs) was attained
at a very small axial strain (1-2%) for all thetsesand the peak
indicated the failure of the specimens. A significamount of
strain softening was noted after thg.for NC clay. For OC
specimens, thgyeacincreased with OCR.

The horizontally cut intact residual soil sampleshéved
similarly to the vertically cut samples, as presdnin Figure 8. A
failure envelope with a slope of 1.2 was also dweileed for
horizontally cut specimenspeqWas attained at a very small axial
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strain, which increased with OCR for specimens clihsted to the
same stress level.
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Figure 7. Undrained Behaviour of Vertically Cut Irtt&esidual
Soil during ClUC Tests: (a) Effective Stress Paths; (b) Stress-
Strain Curves
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Figure 8. Undrained Behaviour of Horizontally Cutdett Residual
Soil during ClUC Tests: (a) Effective Stress Paths; (b) Stress-
Strain Curves

3.2 CK,UE tests

A series of CKUE tests was conducted on both vertically cut and
horizontally cut specimens. The stress behaviosulted from
CKyUE tests are presented in Figure 9 and Figure ateX,
consolidation method as described in Section 1 agapted to
achieve different OCR values.

The effective stress paths of vertically cut samplesulted
from CKuUE tests are presented in Figure 9(a). The failure
envelope was determined based on the peak effestiiess ratio
((a/P")peay- For vertically cut intact residual soil speciragrihe
slope of the failure envelope is 1.23 and withietitn angle of
30.70.

Figure 9(b) presents the stress-strain curves riddairom the
same tests. The deviator stress reached the paak afarelatively
large strain (3-7%). For OC specimens consolidatethé same
stress level, the higher the OCR value, the higheptak deviator
StressOpeak

Four CKUE tests were conducted on horizontally cut intact
residual soil specimens with different OCRs. Thesstrieaths and
stress-strain curves are presented in Figure 1®fditure envelope
is assumed to pass through the origin asK tests (Figure
10(a)). For horizontally cut intact residual ssikain softening was
observed for both NC and OC specimen (Figure 10(b)).

3.3 CKoUDSStests

The stress behaviour of vertically cut and horiatiptcut intact
residual soil under direct simple shear testingddton is presented
in Figure 11 and Figure 12 respectively. A modifie@l type of
direct simple shear (DSS) apparatus was used instioidy. The
reinforced membrane used by Bjerrum & Landva (1966
replaced by a stack of slip metal rings. The 1-DKg condition
was achieved by using metal rings to restrain dhtdeformation
during consolidation stage. Same asyG& and CKUE tests, the
CKoUDSS specimens were alkg consolidated to OCR of 1, 1.54,
2 and 4.
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Figure 10. Undrained Behaviour of Horizontally Cuialet
Residual Soil during CRUE Tests: (a) Effective Stress Paths; (b)
Stress-Strain Curves

The shear stressr)( versus normal stressgf) curves are
presented in Figure 11(a) and Figure 12(a) baseth@ispecimen
cutting orientation. Failure envelopes with sloged&8 and 0.56
were obtained for vertically cut and horizontallyt cspecimens
respectively. The failure envelope was determirednfthe peak
stress ratio, f{on)peak

For vertically cut specimens, it is clearly showattthe shear
resistant increased with OCR for OC specimen. Ther Stessses
reached the peak at relatively small strain (3#gntfollowed by a
large amount of strain softening (Figure 11(b)mi&r observation
was made on horizontally cut specimens, as presentd-igure
12(b).
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Figure 11. Undrained Behaviour of Vertically Cut ktt&esidual
Soil during CiKUDSS Tests: (a) Shear Stress vs. Normal Stress
Curves; (b) Shear Stress-Strain Curves

200 ‘ ‘

~ -DSS-H1, NC

-&-DSS-H2, OCR=1.54 /" Failure Envelope

—DSS-H3, OCR=2 Slope = 0.56
= 150 | -=-DSS-H4, OCR=4
=
e
;
2 100
a - - = -~
g i -
il . N
< ” ~
& 50 Se

\
~
N\
A}
0 1
0 100 200 300 400 500

Normal Stress, o, (kPa)

Figure 12 (a)



Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol. 42 No.4 December 2011 ISSN 0046-5828

180

I
— -DS8S-H1, NC

160 OCR=4, 01y[=195kPa —A-DSS-H2, OCR=1.54 |
140 F —DSS-H3, OCR=2
T 1 -5-DSS-H4, OCR=4
€ 120
-
v 100 —5
[7]
2
3 80 +
g =~ =T —-QCR=2, 64¢'=195kPa
o 60 —
5 e
40 - =

OCR=1.54, 61,’=195kPa
20

0 5 10 15 20
Shear Strain (%)

Figure 12 (b)
Figure 12. Undrained Behaviour of Horizontally Cutalct

Residual Soil during CUDSS Tests: (a) Shear Stress vs. Normal

Stress Curves; (b) Shear Stress-Strain Curves

4. DISCUSSION

4.1 Inherent strength anisotropy

The inherent strength anisotropy of the intactdesi soil of Bukit
Timah granite was studied by conducting tests @tisgens cut in
different orientations. The failure points deterednfrom CkUC
tests of vertically cut and horizontally cut speeim are compared
in Figure 13(a). The failure point was determinezhf the points
of peak effective stress ratiay/|f’)peac AS shown in Figure 13(a),
both vertically cut and horizontally cut intact ksl soil
specimens approached to a unique failure envelbipe.solid line
in Figure 13(a) represents the failure envelopéiwithe tested
stress range, which has a slope of 1.2. The dads lare the
assumed failure envelopes passing through thenorigis clearly
observed that the failure points determined fotiwalty cut and
horizontally cut specimens are highly consistentislindicative
that the effective failure envelopes are not affdcby specimen
orientation.

Figure 13(b) presents the comparisoncgio, versus OCR
relationships. The undrained shear strergthefers to the peak
strength, which was calculated @s= g4 /2. The data for both
vertically cut and horizontally cut intact residsall specimens fell
into a consistent relationship. No observation tofss anisotropy
was made for the intact residual soil. This indidathat thec /o1 o
versus OCR relationships was independent of the irapec
orientation. An averagef gig)nc value of 0.297 was taken from
the data of normally consolidated vertically cud drorizontally cut
specimens.
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Figure 13. Comparison of GKIC Test Results: (a) Failure
Envelope; (b) g0, vs. OCR Relationship

The failure points determined from QHE tests were
compared in Figure 14(a). It is noted that all goénts fell into a
straight line. Similar observation has been madmf€K,UC tests.
It is an indication that the failure envelope i¢ greatly affected by
the specimen orientation.

Figure 14(b) presents the comparisoncgi;, versus OCR
relationships. There are some differences. Howeagthe data at
ORC =1 and ORC =4 are fairly close, we may assumefiiiey
the same relationship as shown in Figure 14(b)s Ticonsistent
with the results obtained from GWC tests. The reasons for the
small differences in the undrained shear strengéhabiour
between vertically cut and horizontally cut specisiare possibly:
(1) the use of vertically and horizontally cut Spsens is not a
good testing method to study the anisotropic sttergghaviour,
(2) the samples at in-situ were probably consatidatnder a stress
condition close to the isotropic state as impligdthee oedometer
tests on vertically and horizontally cut specimeniserefore, the
inherent anisotropy is not evident.

Similar comparison has been made ony)l@BSS test results in
Figure 15. The results of vertically cut and hontadly cut
specimens are highly consistent. Inherent streagthotropy was
not observed in terms of failure envelope amd,, versus OCR
relationship.
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Figure 14. Comparison of GKIE Test Results: (a) Failure
Envelope; (b) go1o vs. OCR Relationship
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Figure 15. Comparison of GKIDSS Test Results: (a) Failure
Envelope; (bX/o,q vs. OCR Relationship
4.2 Induced strength anisotropy

The strength anisotropy induced by rotation of majancipal
stress direction was investigated by conductingoratory
compression, extension tests, and direct simplarstests. The
cloig versus OCR relationships obtained from OK, CKUE,
and CKUDSS tests are compared in Figure 16. As preseanted
earlier section, thec/o,y versus OCR relationships were
independent of the specimen orientations. Howevdre
relationships were influenced by the major printipsress
direction. As shown in Figure 16, at a given OCR, dlie,¢ ratio
obtained from the CHUC tests was the highest. Thgs,o ratio
obtained from the CRUE tests was the lowest. The one determined

AGSSEA Vol. 42 No.4 December 2011 ISSN 0046-5828

from CK,UDSS was somewhere in between. This is consistent
with the observations made from other soils (Ladi86; Chu et al.
1999). It should be also pointed that {LHSS tests were
conducted under plane-strain condition, althoughlatike
magnitude of intermediate streds= {#; — ¢3)/ {6y — #3) cannot
be measured directly. The induced anisotropy betiée TE and
DSS tests, is actually an reflection of the comtliaffects ot and
a.
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Figure 16. go1¢’' vs. OCR Relationships Determined from
Different Types of Tests

A comparison of the secant friction angle obtaifredn different
type of tests is shown in Figure 17. Here secaatidn angle,g/,
is defined as:

sing’ = (o1 —03) / (01'+ 03) (2
irrespective of whether the effective cohesionasozor not. It is
observed that the secant friction angle is affettgdonsolidation
stress. This is caused by whether bonds in thetinégsidual could
be preserved or not which is related to whethersthess level is
above or below the pre-consolidation stress. Coresgtyy the soil
behaviour was partially controlled by the soil bsrldft behind.
For all types of tests, the secant friction angletained from tests
conducted on the specimen, which consolidatedearttsitu stress
was the highest. This is due to the preservaticgoidoonds at low
consolidation stress. On the other hand, NC, OCR2, O&aRB3
OCR4 specimens had been consolidated to a stress nesah
more higher than the pre-consolidation stress aedstructure of
the residual soil specimens have been destroyednglur
consolidation process as pointed out by Smith.€1L892).

For vertically cut intact residual soil specime@¥,UC tests
gave the highesg, followed by CKUE tests. The lowesg’ was
calculated from CKUDSS tests.

Different from the CKUDSS test results on vertically cut
specimen, no significant reduction in tiiévalue was observed for
horizontally cut specimens. Hence, at high OC sf@€R > 2),
value of @' determined from CKRUDSS tests was higher than the
one obtained from CKJE tests.

By comparing Figure 17(a) and (b), it should alsmpout that
the @' values of horizontally cut intact residual soil rerehigher
than the values of vertically cut specimen. Tdaevalues were
affected by specimen orientation.

The ¢, of soil is also affected by the rotation of pripali stress
direction. The effect of principal stress rotatman be evaluated by
ploting the ratio ofey/./cycx,ucversus the angle of major
principal stress rotation to the vertical, a = 0° represents the
normal compression testing condition, with the mapincipal
stress at failuregi{ acting vertically.a = 9C° represents the major
principal stress direction to be horizontal, asCilQUE condition.
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a =45 is assumed for the principal stress direction @kagUDSS
testing condition for illustration purpose.
The results of the three tests, after being nomedliwith the

undrained shear strength far= 0° are presented in Figure 18(a)

and (b) for vertically cut and horizontally cut aet residual soil

specimens, respectively. It can be seen that tldzaimed shear

strength is significantly affected by rotation ofajor principal
stress, regardless of specimen cutting orientation$his is
consistent with previous studies carried out by @Re et al.
(1976). It is indicated that the strength anisogropould be
investigated better by conducting tests with défdér major
principal stress directions.
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Figure 17. Secant Friction Angles Determined froifidbent
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Figure 18. Variation of Undrained Strength Ratiohvtlie Angle of
Stress Reorientation: (a) Vertically Cut Specimeh}; (
Horizontally Cut Specimens

5. CONCLUSIONS

The undrained shear strength and stress-strainvioetnaof the

intact residual soil of Bukit Timah granite have hg@eesented with

reference to the results of @QYC, CK,UE and CKUDSS tests.

Following conclusions can be made from these result

1. As pointed out by many researchers (Ladd, 1986h&wy &
Mayne, 1990; Chu et al., 1999), the undrained séieangth,
Cu, IS Not a constant, but varies with many factorsluding

6.

effective overburden stresgpy, OCR, consolidation path
(isotropic or Ky consolidation), stress states and stress
anisotropy. From the test results presented inghper, it is
found that the undrained behaviour of the intastdwal soil

is affected greatly by the consolidation stresspfesented in
Figure 17, an excessively high secant friction anglas
obtained at low stress level (i.e. below pre-codstion
stress). It is believed that this is caused by gbi bonds
preserved when consolidated below pre-consolidatimss.

The failure envelope of the intact residual soiswat greatly
affected by the cutting orientations of soil speami® This is
observed in different types of tests including,OK, CKUE

and CKUDSS tests conducted on specimens cut with
different orientations. This could be because tiliénce of
inherent anisotropy on shear strength, if any, d¢obe
diminished during to the shearing effect.

The c/o.y’ versus OCR relationships were established for
each type of tests. The tests conducted on véytieald
horizontally cut specimens did not show a strorrgngith
anisotropy in terms o€/o,q ratio. However, pronounced
strength anisotropy both in terms of effective tfdn angle
and undrained shear strength was observed frontetts
with major principal stress rotation. It is obsehieom the
testing results that, in general, under a given O@R{o,o
obtained from the CHUC tests is the highest. The @K
tests give the lowest one, whereas the value daddafrom
CKoUDSS tests is somewhere in between. The strength
anisotropy was induced by different degree of bond
breakdown due to different volumetric responses wigjor
principal stress rotation and effect of intermeglistress. This

is consistent with the observations of Ladd & Lanib@63),
Ladd et al., (1980), Malandraki and Toll (2000), vaowski

& Chu (2008) and Mayne et al. (2009).
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