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Graphical abstract Abstract

The conventional theories of soil mechanics use linear envelope to derive shear strength; this
however, leads to an overestimation of the factor of safety in the examination of slopes.
Therefore, the incorporation of methods that acknowledge the existence of non-linear
characteristics of shear strength is necessary in the analysis of slopes specifically. This is due to
the substantial influence of non-linear shear strength behavior on the slope failure
mechanism when they are at low stress levels. In this paper, the nonlinearity of shear strength
for grade VI granitic residual soil is studied. “Non-Axis Translation Consolidated Drained
Triaxial” tests were performed at various ranges of net stress and suction. Thereafter, to
characterize shear strength behavior, shear strength parameters were derived. The soil-water
characteristic curve was plotted after conducting “Pressure Plate Extractor” test at a series of
suction. The result substantiated the non-linearity of shear strength for granitic residual soil
based on net stress and suction.

Keywords: Neft stress, suction, unsaturated soil, shear strength, triaxial test

Abstrak

Teori-teori kovensional mekanik tanah mengaplikasikan model hamparan bergaris lurus
(liner) untuk mengambarkan kekuatan daya ricih sesuatu jenis tanah. Bagaimanapun,
model ini senfiasa menunjukan keputusan fidok tepat apabila didapati  ferlebih
menganggar aspek keselamatan kestabilan sesenuah cerun semasa pemeriksaan
dijalankan. Walaubagaimanapun, dengan pengenalan kepada model hamparan bergaris
melengkung dalam menganalisa sesuatu cerun secara tferperinci didapati lebih tepat
keputusannya. Perkara ini berkaitan pengaruh yang kuat model ini mengaplikasikan
kelakuan sebenar kekuatan ricihan tanah bagi menganalisa mekanisma keruntuhan sesuatu
cerun terutamanya di zon tekanan rendah. Kajian ini telah dijalankan menggunakan tanah
berbaki gred VI dan mengaplikasikan model hamparan melengkung. Eksperimen -
eksperimen menggunakan teknik, ‘Non-Axis Translation Consolidated Drained Triaxial' telah
dijalankan di pelbagai julat tekanan dan sedutan sebenar.Seterusnya, adalah unfuk
mengspesifikasikan kelakuan berperimeter kekuatan ricih telah diperincikan. Kemudian,
unfuk memodelkan kelakuan melengkung tanah-air felah diplotkan selepas ujian - ujian
bersiri sedutan dikenali 'pressure plate extractor' dijalankan. Semua hasil keputusan ujian
didapati mengikut model hamparan melengkung bagi kekuatan ricih tanah untuk tanah
jenis berbaki dan ianya berkadaran dengan tekanan dan sedutan sebenar tanah di lokasi
se.

Kata kunci: tekanan bersih, sedutan, tanah tak tepu, kekuatan ricih, ujian tiga paksi
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1.0 INTRODUCTION

The concept of shear strength is widely applicable in
geotechnical projects such as the stability of slopes,
lateral earth pressure as well as bearing capacity.
The capability of a soil fo resist shear loads defines a
soil's shear strength and such a shear strength
depends on two stress state variables; suction and
net stress.

Conventional theories describe shear strength as
based on Mohr-Coulomb failure envelope [1](See
Equation 1). The linear correlation between shear
stfrength, t, and effective stress, (o-uw), is defined in
Equation 1 below. Although the shear strength of
saturated soils can be considerably estimated by
employing the equation; it fails fo define the true
shear strength behavior of partially saturated soils [2].
T is the shear strength, ¢’ is the cohesion intercept, o
is the total stress, uw is the pore-water pressure and @'
is the internal friction angle in Equation 1 below, .

T=¢ + (g —u,) tand’ (D

In a partially saturated condition, the attraction
force induced from the water meniscus surface
tension makes the soil structure stronger. Such an
attraction force is known as suction, (uas-Uw), and has
significant influence on shear strength behavior.
Therefore, any shear strength model for partially
saturated soil condition must incorporate both
suction and net stress. The first linear equation which
describes the shear strength of unsaturated and
partially saturated soils by extending the Mohr-
Coulomb failure envelope was infroduced by
Fredlund et al., (1978) [3] (See Equation 2). The
authors considered net stress, (0-uq), and suction, (Ua-
uw), as two stress state parameters of the soil in
partially saturated condition. uq is the air pressure, @
bis the angle of the line in matric suction versus stress
graph when net stress is constant, as shown in
Equation 2 below.

T=¢ +(5—u,)tand +(u, uw,) tan @’ Q)

The linear behavior for shear stfrength in a partially
saturated soil was claimed by Fredlund et al., (1978)
[3]. However, it is observed that there are indications
that there is a rapid decline in shear strength to the
point of zero where net stress approaches zero; for
gravels by Charles and Watts (1980) [4]. clays by
Bishop (1966) [5]. and sands by Fukushima and
Tatsuoka (1984) [6]. In addition, Indraratna et al.,
(1993) [7]; Rahardjo et al., (1995) [8] and Md.Noor et
al., (2008) [?] reported similar non-linearity in shear
stfrength behavior with respect to net stresses. Hence,
it can be claimed that shear strength is not linear with
respect fo neft stress [3].

A soil’'s moisture content when decreased, leads to
an increase in suction [3]. The authors also believed
that as suction increases, shear strength also
amplifies. However, where suction grows beyond the

residual suction, it is observed that there are
evidences of shear strength decreases [10]. Besides,
Escario and Saez (1986) [11]; Rassam and Williams
(1999) [12]; Toll et al., (2000) [13] reported that the
shear strength  suddenly drops as  suction
approached zero. Therefore, the assumption of the
absolute linear relativity of shear strength pertaining
to suction is not always true.

The main cause of shallow slope failure in fropical
countries is directly linked with the non-linearity of the
shear strength based on suction and net stress [14].
Generally, shallow slope failure occurs above the
ground water level and within the partially saturated
zone. In addition, the depth of a shallow slope failure
is normally less than 5 m [14]. Therefore, the neft stress
that caused the failure is relatively low (<100 kPa).
Once rain infiltrates the ground, the soil then
becomes wet and shear strength decreases.
Consequently, the slope becomes unstable [14, 15].

The conventional theories of soil mechanics use
linear envelope to derive shear strength; this however
leads to an overestimation of the factor of safety in
the slope analysis. In addition, back analysis of slope
failure using conventional methods often fail to
achieve a factor of safety of less than unity [16].
Therefore, the application of a modified shear
stfrength concept to comprehend the true shear
strength behavior of soil is important. The model used
must characterize the non-linearity of shear strength
with regards to net stress as well as suction.

Recently, in relation to the prediction of the shear
strength of unsaturated soils, several shear strength
models were infroduced [10, 17-20]. [10] developed
an equation by the study on behaviour of various
sands and gravel due to effective stress and suction.
They observed that majority of tested soils behave
linearly at high stress levels, however, they exhibit the
non-linear behaviour at low stress levels. As a result,
they infroduced "Curved-Surface Envelope Extended
Mohr Coulomb Shear Strength Model” (CSE Model)
which represents the curviinear behavior of shear
strength in saturated and unsaturated condifions. The
model is a development of Mohr-Coulomb circles
and defined based on geometric parameters, i.e.
parameters represent geometric determination
instead of using fittihng parameters. The authors
claimed that when the model is applied on
unsaturated soils, the true non-linearity of shear
strength behavior in relation to suction as well as net
stress can be simulated. Equations (3) and (4) are
used to best fit saturated shear strength of residual
soil, whereas Equations (5) and (6) are used to best fit
the unsaturated shear strength of residual soil. The
derivations of Equations (3) to (6) were explained in
detail in [10], and they are not repeated in this

paper.
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Where 1t is shear strength at safuration; cs is
apparent shear strength due to suction; @'min ¢ is the
lowest friction angle when failure occurs; 1 is the
transition shear strength; (o-uw)t is the fransition
effective stress; (Ua-Uw)r is the residual suction; (Ua-Uw)u
is the ulfimate suction when net stress is equivalent fo
zero; cI™* is the maximum apparent cohesion; and N
is the variable which can be calculated from
Equation 7.

1
1—[([r—tlg)

N= m"-:"m.lﬂ,,' (7)

The model was validated by the data reported by
Gan and Fredlund (1996) [21], Toll et al., (2000) [13]
and also the data collected from consolidated
drained friaxial test on Limestone gravel. However, it
is important to evaluate the compliance of the
model for those soils which are frequently involved in
slope failures and shallow landslides, specifically.

This paper aims to substantiate the non-linear shear
strength behavior of tropical granitic residual soil
based on the CSE Model. It helps to unveil the
mechanical behavior of this type of soil which is
frequently a part of shallow slope failure in the
fropics. Besides that, shear strength plays the

fundamental role in the slope failure. Hence, the
investigation of shear strength within the stress level of
the shallow landslide is essentfial. Shear strength
variables are verified and the non-linear shear
stfrength behavior of Granific residual soil (grade V)
relatfive to net stress and suction is characterized at a
wide range of suction and net stresses
independently. In addition, the validation of the CSE
Model providing the description of shear strength
behavior of partially saturated soils is evaluated.

2.0 METHODOLOGY

2.1 Soil Sampling and Characteristics of the Soil
Tested

The soil tested in this study was granitic residual soil
(grade VI). The samples were taken from Rawang,
Selangor, Malaysia. The specimens were reddish
brown and were air-dried for a week in normal
laboratory temperature (25 °C). Further, a rubber
hammer was used to break down the soil lumps. All
soil specimens used had the same initial dry unit
weight (13.6 kN/m3). According fo the Standard Test
Method for Particle-Size Analysis of Soils (ASTM D422),
the specimen constituted dominantly of very silty
gravely sand. Table 1 provides an overview of the
characteristics of the soil sample.

Table 1 The basic properties of the soil sample

Particles Size Distribution

Basic Properties

Attemberg

Clay . Sand Gravel
7 Silt% 7 7

Tested Soil (granitic

. . 8.59 20.7 488 219
residual soil)

Dry Unit Weight Spacefic Gravity
3 3
T (KN/md) (Mg/m3)
% %
30 7 13.6 2.57

2.2 Testing Methods

In this study, two sets of equipment were used: (a)
equipment the application of the Triaxial Multistage
Compression test for saturated and unsaturated soil
specimens and (b) equipment for the application of
the Pressure Plate Extractor test.

2.2.1 Non-Axis Translation Multistage Consolidated
Drained Triaxial Test

The Non-Axis Translation Multistage Consolidated
Drained Triaxial test (CD) was conducted to define
the shear strength variable of granitic residual soil on
saturated and unsaturated specimens. The tests were
conducted in accordance with the Standard Test

Method for Consolidated Undrained  Triaxial
Compression Test for Cohesive Soils (ASTM D4767). In
addition, the stress-strain response of the soil samples
in various ranges of suction and stresses were
characterized. The Multistage Triaxial test provides
more than one stress state at the point of failure for
each specimen. The procedure time is reduced here
because of the time saved during the stages of the
preparation of specimen and its saturation.

Here, the stages of the preparation of specimen
and its saturation are comparable to ordinary triaxial
methods. The differentiation is obvious only during the
shearing stage. To put this simply, here, the specimen
is loaded. The threshold is reached when the stress
approaches to the maximum amount of stress before
failure. The threshold can be specified by the stress-
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sfrain  curve during shearing. Thereafter, the
specimen is unloaded to zero stress. After that, the
specimen is loaded again after the confining
pressure (o3) is increased to a new desired value. At
the final stage, shearing is continued until the
specimen fails.

For the purposes of this paper, the Mulfistage
Consolidated Drained Triaxial test was applied fo
specimens that are in saturated and unsaturated
condition. Four different isofropic confining pressures
were applied (50, 100, 200 and 300 kPa). At 3%, 6%,
9% and 12% initial moisture content (14.01%, 14.42%,
14.82%, 15.23% degree of saturation respectively), the
partially saturated specimens were tested. The
identical dry unit weight (13.6 kN/m3) and volume
(100 mm height and 50 mm diameter) were used for
each specimen to generate  homogenous
specimens.

The testing method for partially saturated
specimens was similar to the method used by Bishop
and Blight (1963) [5]. In the test of the unsaturated
specimens, the back pressure line was released fo
the atmosphere and the pore-water was drained. As
a result, air pressure equivalent to zero (atmospheric
air pressure), suction within specimens only existed
from the negative microscopic water meniscus
between the soil particles and was kept constant
during the shearing stage. It was controlled by
measuring the moisture content of the specimen
after the fest. It was observed that there was a
negligible difference between the moisture content
of specimens before and after the ftriaxial test. The
value of suction related to each moisture content
was obtfained from the Soil Water Characteristic
Curve (Section 2.2.2). The arrangement of triaxial
apparatus for the CD Triaxial test on the partfially
safturated specimens is shown in Figure 1.

N
—

- ,/ Loaded cell attached to Ram

__\—— Soil Speciman

s
o

_»
Back prassure line — (r

Figure 1 Arrangement of CD Triaxial apparatus on partially
saturated specimens

Wohune change umit

2.2.2 Pressure Plate Extractor Apparatus

In order for the soil-moisture characteristic curve to
be found and for the residual soil fo be defined and

determined, the Pressure Plate Exiractor test was
performed. This test was performed in accordance
with the procedure described in the Standard Test
Methods for Determination of the Soil Water
Characteristic Curve for Desorption Using a Hanging
Column, Pressure Extractor, Chilled Mirror
Hygrometer, and/or Cenfrifuge (ASTM D6836).

The Pressure Plate apparatus is made up of two
core parts, which are: (a) an air pressure chamber
and (b) a high-air entry ceramic disc. At each stage,
three soil samples were placed on circular rings (50
mm diameter and 10 mm height). Then, they were
mounted on the high-air entry ceramic disc. 13.6
kN/m3 with the same inifial moisture content of 15%
was defined as the dry unit weight for all soil
specimens and all specimens were compacted in
the same dry unit weight to assure the gain of
homogeneity for the samples. The rings envelop soil
specimens and were placed into the chamber and
on the ceramic disc. Further, the samples were
soaked with water. Thereafter, the application of the
chosen air pressure was done to all soil samples. Due
to the fact that the chamber’'s bottom (the part
which is under the high-air entry disc) was joined to
atmospheric  pressure, the water pressure was
equivalent to zero. Hence, it can be seen that the air
pressure that was applied and the matric suction is
equivalent [22]. The moisture content of the
specimens was recorded at the end of the test. This
experiment was conducted for a range of matric
suction from 10 kPa to 900 kPa. The matric suction
was applied in 10 kPa intervals for up to 100 kPa and
beyond that, the pressure was applied in interval of
50 kPa. Figure 2 shows the schematic view of Pressure
Plate Extractor apparatus.

Pressure Plate

/_ Extractor

To Pressure E—Jl ”—F
Supply [
< A

Hair-air entry
Ceramic Disk e

Soil Specimens

Water Release

/——\ « Pipe

Figure 2 Schematic view of Pressure Plate Extractor
apparatus

3.0 RESULTS AND DISCUSSION
3.1 Soil Water Characteristic Curve (SWCC)

The SWCC curve was plotted based on gravimetric
moisture contfent for three tested specimens (series 1,
series 2, series 3) where residual suction is at 220 kPa
and the residual gravimetric moisture content is 8%
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(Figure 3). It is observed that the curve shape and
value of residual suction matched perfectly when a
comparison is done between the soil-water
characteristic curve for the tfested soil (highly silty
sand) and the given typical soil-water characteristic
curves [23]. Besides that, the matric suction linked fo
each specimen from SWCC can be acquired and
then use in the Curved-Surface envelope. The value
of matric suctions derived from SWCC for
unsaturated condition in the proposed moisture
contents (3, 6, 9 and 12 %) are presented in Table 2.
For example, for 6 % moisture content, the matric
suctionis equal to 580 kPa.

Table 2 Value of matric suction related fo unsaturated
specimens from SWCC

Water content (%) Suction (kPa)
12 120
200
580
1500

[ v]
o O
.

]
[=)
1

—o— Series]

o
I

—--a- - Series2

wn
1

---a--- Series3

Moisture Content (%)
s

0 i T T T )
0 200 400 600 800 1000

Suction (kpa)

Figure 3 SWCC curve based on gravimetric moisture
content

3.2 Multistage CD Triaxial Test

The maximum deviator stress, gmax, in various ranges
of effective stress for both the unsaturated and
saturated specimen was obtained based on Non-
Axis Translation Multistage Consolidated Drained
friaxial test. Figure 4 provides the maximum deviator
stress under various neft stresses for each specimen. It
shows that the maximum deviator stress is reduced
from unsaturated specimen to saturated specimens
for each specimen in the same effective stress. For
example, for the effective stress of 50 kPa, the
maximum deviator stress decreased from 135 kPa (12
% moisture content and 120 kPa suction) fo 82 kPa (in
a fully saturated condition and zero suction).
Interestingly, when the moisture content increases
(suction decreases) from 3 % to 6 % (suction from
1500 kPa to 580 kPa), the maximum deviator stress

was elevated. For example, for the effective stress of
100 kPa, the maximum deviator stress increased from
333 kPa (3 % moisture content) to 390 kPa (6 %
moisture content). The highest deviator stress in
unsaturated condition occurred at 6 % moisture
content.

. 1000 868
o
_'g - 800 s 20 620 607
A g‘; 400 490 4 440 ad 34468
Sg 400 *HBR 28/ 250
= 80 160 135 17¢
£5 200 82
2 0
= 3% 6% 9% 2% | o
wiater wiater wiater wiater sa Tu;{c: t
conten | conten | conten | conten d
t t t t &
50 kPa 180 220 160 135 a2
§ 100kPa| 333 390 280 250 170
] 200kPa | 490 480 440 415 344
?’; 300 kPa 406 848 620 407 4468
2z
3
& 50 kPa 100 kPa = 200 kPa m 300 kPa

Figure 4 Maximum deviator stress under various net stresses
for each specimen

Adversely, the value of maximum deviator stress in
the same effective stress range decreased when the
moisture content increases (suction decrease)
beyond the é % moisture content. For example, for
200 kPa of effective stress, the value of moaximum
deviator stress decreased from 680 kPa (6 % moisture
content) to 440 kPa (9 % moisture content).

In order to determine Mohr Coulomb circles for
each specimen, the minor effective stresses, ¢'s, and
major effective stresses, o'i, were obtained from
Figure 4. Thereafter, curvi-linear shear strength
envelopes were drawn based on these Mohr circles
in accordance with CSE model using Equations 3 and
4. Minimum friction angle at failure, @'min f, apparent
shear strength, ¢ ', transition effective stress, (0- uw)t,
and fransition shear strength, 1, were procured. For
example, in fully safturated condition and for
targetted effective stress of 50 kPa, the applied cell
pressure was 295 kPa. The pore pressure and
maximum deviator stress while failure, were recorded
at 257 kPa and 82 kPa, respectively. The minor
effective stress was calculated from the difference
between cell pressure and pore water pressure (38
kPa). Finally, the major effective stress was obtained
from the summation of minor effective stress and
maoximum deviator stress (120 kPa). Table 3,
summarizes the dafa obtained from multistage
consolidated drained friaxial test in saturated and
unsaturated conditions.
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Table 3 Summery of data obtained from multistage consolidated drained triaxial test

Soil specimen Targeted Cell pressure Pore water Maximum minor major
description effective (kPa) pressure deviator effective effective
stress (kPa) (kPa) stress, q (kPa) stresses, o's stresses, o'

(kPa) (kPa)
3% water 50 50 0 180 50 230
content 100 100 0 333 100 433
200 200 0 490 200 690
300 300 0 606 300 907
6% water 50 50 0 220 50 270
content 100 100 0 390 100 490
200 200 0 680 200 880

300 300 0 867 300 1168
9% water 50 50 0 160 50 210
content 100 100 0 280 100 380
200 200 0 440 200 640
300 300 0 620 300 920
12% water 50 50 0 135 50 185
content 100 100 0 250 100 350
200 200 0 415 200 615
300 300 0 607 300 907
Fully saturated 50 295 257 82 38 120
100 345 265 170 80 250
200 445 270 344 175 519
300 545 274 468 271 739

Figure 5, illustrates Mohr circles and curvi-linear
shear strength envelope for the specimen in fully
saturated condition. As it can be observed, when
effective stress approaches zero, non-linear behavior
of shear strength is illustrated at failure envelopes.
Once the effective stress is low (<100 kPa), a steep
drop in shear strength occurs. In additional, the linear
shear strength envelope based on Terzaghi equation
(Equation 2) was provided. From Figure 5, it is clearly
obvious that linear shear strength envelope cannot
perfectly cover Mohr circles at low stress levels (less
than 100 kPa) and governs a overestimate shear
stfrength prediction in this rang of effective stress
(c'=25 kPa rather than zero in CSE model). Applying
the linear shear strength envelope in the slope
stability equation will produce an over estimate shear
strength for effective stress less than 100 kPa, where
the shallow slope failures take a place. This is the
reason why conventional shear strength theory fails
to model shallow slope failures, which happen at low
stress levels.

This also has reported by Md.Noor and Hadi (2010)
[14], from the back analysis of Anftarabangsa
(Selangor, Malaysia) slope failure on éth December
2008. They used two types of shear strength behavior
in order to their slope stability back analysis. Linear
shear strength envelope [1], in terms of conventional
inferpretation of shear strength and CSE model in
terms of non-linear shear strength behavior at low
stress level. They concluded that, considering of CSE
model was capable to back analysis the actual
shallow slope failure of Antarabangsa slope failure
(factor of safety 0.99 in 10 meters depth of infilfration)
while it could not achieve by applying the

conventional shear strength method (factor of safety
1.10in 10 meters depth of infiltration).

= = - LinearShear
strgngth Envelpe

&' =25° r
400 1

a 200 400 400 200
Effeclive shress (kPa)

c'=25 kPa, Using Linear Shear Strength Envelope

c'=0, Using Curvi-Linearshear strength envelope

—— Curvi-LinearShear

600 1 strengih Envelpe

-

Shear strength (kPa)

1000

Figure 5 Mohr circles and linear and curvilinear shear
strength envelops from the specimen at fully saturated
condition

Table 4, summarizes the shear strength
parameters obtained from the Mohr Coulomb
envelopes. For all specimens, 200 kPa represents the
value of the transition effective stress and the friction
angle at failure, @min 1 is valued at 25 degrees.
Apparent cohesion, c¢', is valued at zero for
specimens which are saturated and then increases
as suction increase. At 6 % moisture contfent, the
opfimum value of outward shear strength is reached
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(105 kPa) and the value increases. Further, ¢’ drops at
3% moisture content to 35 kPa. The fransition shear
stfrength, ©, is equal fo 120 kPa for saturated
specimens. In unsaturated condition, the transition
shear strength increases as c' elevates. For example,
for 21 kPa of c'in the case of 12 % moisture content,
the w is 141 kPa, whilst as the c¢' increased to 27 kPa
for 9% moisture content, the w is 147 kPa. The
fransition shear strength value in unsaturated
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specimens in specific moisture content is equal to the
value of the fransition shear strength for saturated
condition plus related c'. For example, the value of
(225 kPa) for 6 % moisture content is equal to the
value of tr in a fully saturated condition (120 kPa) plus
the value of ¢' for 6 % moisture content (105 kPa). The
comparison of shear strength envelopes for various
specimens at saturated and unsaturated conditions
is given in Figure 6.

Table 4 Summary of shear strength parameters obtained for the Mohr Coulomb envelopes

Soil Specimen

Description P'mint c' (kPa) (o- uw)i(kPa) t+(kPa)
3% water content
(kPa) 25 65 200 155
6% water content
(kPa) 25 105 200 225
9% water content
(kPa) 25 27 200 147
12% water content
(kPa) 25 21 200 141
Fully saturated (kPa) 25 0 200 120
300 suction is equal to residual suction, soil has a
T maximum value of shear strength [10]. As the soil
o ope
vy approaches a saturated condition, shear strength
4;_@200 falls steeply. The mentioned behavior is plotted in
s Figure 7 using Equations 5 and é.
f’loo Based on the CSE model, shear strength behavior
5 with regard to suction is supported by the soli test
2 results (Figure 7). In a specimen with 3 % moisture
< 0 : : : . content, the ¢’ is 35 kPa. It attains to 105 kPa as
0 100 200 300 400 moisture content hikes up to é %. This is almost the
Net Stress (kPaj same as the moisture content of residual moisture
—— 4% watercontent C'= 105 kPa. & ... = 25° contfent (8 %). At the increase of moisture confent to
g tent =35 kP ;a, mnt - 9 % and 12 %, there is a sudden decrease in shear
waterconten - a e, strength from 105 kPa to 27 kPa and 21 kPa,
9% watercontent C'=27 kPa, @'ryn 5= 25 respectively. It is a consequent of the mentioned
=== 2% watercontent C'=21kPa, @ ;=25 behavior of soil as the soil approaches the saturated
Fully Saturated C=0kPa, @'y = 25° condition. At a fully saturated condition, the value of

Figure 6 The comparison of shear strength envelopes for
various specimens at saturated and unsaturated conditions

The correlation between apparent cohesion, c',
and matric suction at zero net stress is explained in
the Curved-Surface envelope soil shear sfrength
model. At zero matric suction (in a fully saturated
condition), apparent shear strength is equal to zero in
that zone. Further, as matric suction increases, c' also
increases sharply. The peak value for c'is reached at
residual suction, (Uas-uw)r. Beyond the maximum c',
the graph falls gradually fo zero at the ultimate
suction at zero net stresses, (Ua-Uw)u,°=0.

The aforementioned zone explains the behavior
of shear strength with respect to suction. When a

c'finally becomes zero

©Tl120 -
i
=100 -
£
% 80 -
ﬁ 60
g 40 S0 ey
% 20 1] OX \
E 0 T T T 1
o
2 0 500 1000 1500 2000
<L Suction (kPa)
Using CSE Model 3% moisture content
A &% moisture content * 9% moisture content

O 12% moisture content ¢ B% moisture content

Figure 7 Shear strength with regard to suction
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4.0 CONCLUSION

Experimental studies were done on the Malaysian
granitic residual soil (grade VI) by conducting the
Non-Axis Translation Consolidated Drained Multistage
Trioxial fest and Pressure Plate Exiractor test fo
characterize the non-linear shear strength behavior
of soil tested over an entire range of neft stresses and
suction range.

The following conclusions can be considered from
the study:

1- In each specimen and sample, where they
were all under the same consistent effective stress,
there is a reduction of the maximum deviator stress
from unsaturated specimens to saturated specimens.
However, such reduction was also observed from 6%
moisture content to 3% moisture content.

2- Curvi-linear Mohr Coulomb envelopes for soil

specimens indicates that shear strength in constant
suction behaves linearly at high stresses but there is a
sudden and a non-linear reduction in shear strength
at low effective stress levels (less than 100 kPa).
3- As far as shear strength and its’ correlation to
suctfion is concerned, a non-linear behavior is
observed. There are two declines in shear sfrength
due to suction: (a) when suction approaches zero
and the soil becomes saturated (in 9% and 12%
moisture content), (b) when suction is more than
residual suction (8% moisture content).
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