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ABSTRACT 

The shear strength envelope for unsaturated soil requires that three shear 
strength parameters be defined namely, c', cp' and f. These parameters can 
be measured in the laboratory. The c' and cp' parameters can be measured 
using standard laboratory equipment on saturated soil specimen. However 
conventional triaxial and direct shear equipment require modifications prior 
to their use, i.e. for suction induced tests on unsaturated soils to measure the 
f (i.e. the change in shear strength with respect to suction). This paper des
cribes the modification made to the standard laboratory triaxial and shear box 
and outline the test performed for measuring the shear strength parameters of 
unsaturated residual soils. The value cohesion, c' is found to increase with 
increase in the matric suction. For a given level of mat ric suction, the cohe
sion appear to increase with increase in the soil weathering grade, i.e as the 
soils/rocks becomes more weathered. The angle of friction, cp'decreases with 
increase in the soils weathering grade, but the angle of friction or change 
in shear strength with change in suction, f, increases when the soil becomes 
more weathered. The values of f are generally lower than cp'. 
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ABSTRAK 

Liputan kegagalan bagi tanah tak tepu memerlukan tiga parameter kekuatan 
ricih, iaitu c', cp'dan f. Parameter-parameter ini boleh diukur di makmal. 
Parameter c' dan cp' boleh diukur dengan menggunakan peralatan makmal 
biasa untuk menguji tanah yang tepu. Akan tetapi peralatan biasa seperti 
peralatan tiga paksi dan kotak ricih perlu terlebih dahulu diubahsuai sebelum 
dapat digunakan untuk menguji tanah yang tak tepu, iaitu untuk mendapatkan 
nilai f, iaitu perubahan dalam kekuatan ricih akibat sedutan di dalam 
tanah. Kertas kerja ini memperihalkan beberapa pengubahsuain yang telah 
dilakukan ke atas peralatan tiga paksi dan kotak ricih biasa dan ujian-ujian 
yang telah dijalankan untuk mengukur parameter kekuatan rich tanah yang 
tak tepu. Nilai kejelekitan c' didapati bertambah dengan sedutan matrik. 
Pada aras sedutan yang telah ditetapkan, didapati kejelekitan tanah 
bertambah dengan bertambahnya gred luluhawa tanah, iaitu tanah atau 
batuan menjadi semakin hancur. Sudut geseran, cp' didapati berkurangan 
dengan bertambahnya gred luluhawa tanah. Akan tetapi, sudut geseran, f 
(yang turut dikenali sebagai perubahan kekuatan ricih dengan sedutan), 
didapati bertambah apabila tanah (atau batuan) menjadi semakin hancur. 
Nilai f amnya adalah kurang daripada cp'. 

Kata kunci: Kotak ricih, kekuatan ricih, tiga paksi, mekanik tanah tak tepu 
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INTRODUCTION 

The microclimatic conditions in an area are the main factors causing a soil 
deposit to be unsaturated. Therefore, unsaturated soils or soils with negative 
pore-water pressures can occur in essentially any geological deposit, such as 
residual soil, a lacustrine deposit, and soils in arid and semi arid areas with 
deep ground water table. In Malaysia, residual granite rock soil and sedimen
tary rock soil occur extensively, Le. cover more than 80% of the land area. 
Yet, not much research works have been carried out on these materials. The 
situation is even worst in the case of unsaturated residual soils. 

Tropical residual soils have some unique characteristics related to their 
composition and the environment under which they develop. Their strength 
and permeability are likely to be greater than those of temperate zone soils 
with comparable liquid limits. Most classical concepts related to soil properties 
and soil behaviour has been developed for temperate zone soils, and there 
has been difficulty in accurately modeling procedures and conditions to 
which residual soils will be subjected. Engineers appear to be slowly 
recognizing that residual soils are generally soils with negative in situ pore
water pressures, and that much of the unusual behavior exhibited during 
laboratory testing is related to a matric suction change in the soil (Fredlund 
& Rahardjo 1985, 1993). There is the need for reliable engineering design 
associated with residual soils (Ali & Rahardjo 2004). 

When the degree of saturation of a soil is greater than about 85%, 
saturated soil mechanics principles can be applied. However, when the 
degree of saturation is less than 85%, it becomes necessary to apply 
unsaturated soil mechanics principles (Fredlund & Rahardjo 1987). The 
transfer of theory from saturated soil mechanics to unsaturated soil mechanics 
and vice versa is possible through the use of stress state variables. Stress 
state variables define the stress condition in a soil and allow the transfer of 
theory between saturated and unsaturated soil mechanics. The stress state 
variables for unsaturated soils are net normal stress (s-u) and matric suction 
(u.-uw)' where s is the total stress, u. is the pore-air pressure and U

w 
is the 

pore-water pressure. The stress state in an unsaturated soil can be represented 
by two independent stress tensors as (Fredlund & Morgenstern 1977): 

[(cr'-Uo) 'rxy 'rxz 

'ryx (a y - ua) '" 1 'rzx 'rZ}' (az -ua) 

(1) 

l(uot 0 0 

(ua-uw ) 
o I 

0 (ua - uw ) 

(2) 

where, ax' ay, az in Equation 1 are the total normal stresses in the X-, y-, and 
z-directions, respectively; and 'rAY' 'ryr 'rxl' 'rzr 'rzy' 'rYl are the shear stresses. 

Shear strength parameters are the key input parameters in a slope 
stability analysis. For case of unsaturated soils, they are given by the 
following equations, 
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'Z' = c' + (U - U ) tan"'" + (0" - u) tan th', a w 'f' a 'f' (3) 

c = C' + (U - u ) tan ""', a w 'I' (4) 

where c ' is the apparent cohesion, (/>' is the effective angle of friction, 
and ql'is the shear strength change with change in matric suction. The above 
equations are the extended form of the Mohr-Coulomb equation (Fredlund 
et al. 1978), which can be represented in a three-dimensional surface as 
shown in Figure 1. The failure surface is plotted using (O"-u.) and (ua-u) as 
abscissas. 

The intersection line between the failure surface and the 'Z' (shear stress) 
versus (O"-u) plane represents the Mohr-Coulomb failure envelope for the 
saturated condition. On this plane the pore-water pressure is equal to the 
pore-air pressure or the matric suction is equal to zero. The failure envelope 
for a saturated soil has a slope and an intercept of (/>' and c', respectively, 
and the envelope is described by Equation 5. 

'Z' = c' + (0" - u) tan (/>'. 

.. 
I . . 
"" '" 

b'-ndelC Moh,.couhfmlJ 
failure en~lupe 

FIGURE 1. Extended Mohr-Coulomb failure envelope 
Source : Fredlund & Rahardjo (1993) 

(5) 

In other words, Equation 5 for a saturated soil is a special case of 
Equation 3 for unsaturated soil and there is a smooth transition when 
Equation 3 reverts to Equation 5 as the soil becomes saturated or U

w 

approaches u. (i.e., (u.-u
w

) is equal to zero). 
For an unsaturated soil, the total cohesion intercept c, at each matric 

suction is determined from the point where the failure envelope intersects 
the shear stress versus matric suction plane. The shear strength of a soil 
increases as the matric suction increases or degree of saturation decreases. 
The increase in the shear strength can be considered as an increase in the 
cohesion intercept because of an increase in matric suction (Equation 4). 
The increase in the cohesion intercept with respect to matric suction is 
defined by the intersection between the failure surface and the 'Z' (shear 
stress) versus (u. - u

w
) plane. This line has a slope of qI' that can be measured 

experimentally. The value of qI' is generally equal to or less than (/> ' . The 
extended Mohr-Coulomb shear strength envelope for unsaturated soils require 
that three shear strength parameters be defined namely, c' , (/>' and qI'. These 
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parameters can be measured in the laboratory. The c' and <p' parameters can 
be measured using standard laboratory equipment on saturated soil specimen. 
However, conventional triaxial and direct shear equipment required 
modifications prior to their use for suction induced testing of unsaturated 
soils, i.e. to measure the f. Several factors related to the nature of 
unsaturated soil must be considered in modifying the equipment. The 
presence of air and water in the pores of the soil causes the testing procedures 
and techniques to be more complex than those required when testing 
saturated soils. The modification must accommodate the independent 
measurement or control of the pore air and pore water pressures. In addition, 
the pore water pressure is usually negative and can result in water cavitation 
problems in the measurement. 

This paper describes the modification made to the standard laboratory 
triaxial and shear box and outline the test performed for measuring the shear 
strength parameters of unsaturated residual soil. 

MODIFIED STANDARD LABORATORY TEST APPARATUS 

Standard laboratory test apparatus such as the shear box and triaxial need to 
be suitably modified to enable them to perform tests on unsaturated residual 
soil. 

MODIFIED SHEAR BOX 

For case of a shear box, the following modifications are required, namely 
fabrication of an air pressure chamber, modification to the shear box 
assembly inside the air pressure chamber, and additions of data acquisition 
devices to enhance the performance and simplify the usage of the modified 
shear box test apparatus for testing unsaturated soils. 

The first requirement of testing an unsaturated soil is the need to apply 
suction (ua-u) to the soil sample. For this purpose, the modified pressure 
plate technique or axis translation technique whereby both the pore-air, ua' 

and pore water, U
w 

pressures are raised into the positive range, making them 
controllable and measurable (Hilf 1956) is used. Thus, matric suction of 
much higher magnitude than the atmosphere pressure could be obtained 
without fear of cavitations. To apply air pressure to a soil sample in a direct 
shear test, the shearing apparatus has to be enclosed inside an air chamber. 
This chamber must to be airtight and must be able to withstand very high 
pressure of at least 1000 kPa for the application of very high suction. 

In this case, a stainless steel box measuring 300 mm by 200 mm by 
200 mm (height), with walls of 15 mm to 20 mm thick was constructed as 
the enclosure (air pressure chamber), as shown in Figure 2. Holes were 
drilled in approximately the middle of the lid to accommodate the normal 
load ram and the joints of the air pressure and water line. The air pressure 
line is for the application of air pressure, ua' while the water line is for 
applying water pressure (u) to the soil sample. 

The next phase of the modification includes the modifications to the 
shear box assembly itself, the shear box carriage, an addition of sturdy 
helical stainless steel tubes as part of the water lines and the motor driver 
unit to drive the shear box, as shown in Figure 3. 
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FIGURE 2. Modified direct shear box assembly (a) Section A-A (b) Plan view 
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FIGURE 3. Modified shear box in its carriage (a) Section A-A (b) Plan view 

The two halves of the conventional shear box were replaced because the 
design of the original shear box did not allow for water-tightness of the 
bottom of the sample. A new solidly built shear box was fabricated complete 
with clamping screws. By applying silicon grease to the bottom half's outer 
walls, which just fit into the shear box carriage, water is ensured to flow 
only towards the high air entry disk. 

The final phase of the modification involves the replacement of certain 
measuring devices that would simplify data collection and also additions to 
the experimental set-up to suit unsaturated soil testing procedures. To ease the 
data collection and analysis, all data collection was computerized. Linear 
Variable Differential Transducer (LVDT) was used to measure both the vertical 
and horizontal displacements. Whilst a 10 leN capacity Wykeham Farrance 
load cell was used to measure the horizontal shearing forces. In addition, 
measurements ' of the water and diffused air volume change during suction 
equilibrium are also required. Figure 4 illustrates the experimental set up. 
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FIGURE 4. Modified shear box set-up for testing unsaturated soil 

For shearing the soil sample, a rate of 0.001 percent strain per minute 
was adapted, as has been established from an earlier work (Affendi et aI. 
1994) as 'ideal' shearing speed for unsaturated soil. 

MODIFIED TRIAXIAL 

The conventional Bishop-Wesley triaxial cell can be suitably modified to 
enable it to perform suction induced test. The top cap of the cell needs to 
be modified to provide inlet for the air pressure to be applied from the top 
of the soil sample. In addition, a 5 bar ceramic disc need to be seated and 
carefully sealed on a modified base pedestal. This allowed the air and water 
pressures to be controlled during the tests in order to maintain a constant 
matric suction (u. - u) during the test. 

Figure 5 shows additional outlets for the air pressure drilled on the side 
of a triaxial cell base. Other modifications include additional ducts require 
to facilitate connection in the base pedestal for drainage and flushing of 
diffused air from below the ceramic disc. 

The normal base pedestal is not suitable for testing under suction 
control. A completely new base pedestal with a recess for ceramic disc, 
including a grooved spiral water-compartment below the disc and inlet and 
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FIGURE 5. Modified base plate with outlet ports 
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outlet ports for flushing needs to be fabricated. The groove is to improve 
flushing of diffused air. The specially fabricated base pedestal is shown in 
Figure 6. 

FIGURE 6. Specially fabricated triaxial base 
pedestal for unsaturated soil testing 

The high air entry porous disc needed a good seal. This is done by 
forming a recess on the pedestal top and placing disc of a smaller diameter 
and bonded with epoxy resin. It is essential that the whole set up was 
rendered leak proof; otherwise there would be difficulties in maintaining the 
required suction throughout the tests. 

Figure 7 shows a schematic layout of the specially modified triaxial for 
testing sample the unsaturated residual soils. 

FIGURE 7. Schematic layout of specially modified 
triaxial testing for unsaturated soil 

SOIL SAMPLES AND TEST PROGRAM 

Tropical residual soils are usually non homogeneous and anisotrophic, 
making representative sampling particularly difficult. In this study, block 
samples measuring 200 x 200 x 200 mm were collected from the site in 
metal boxes for the shear box test. The block samples were then cut to the 
shear box size (60 mm x 60 mm) samples in the laboratory. For the triaxial 
test, block samples of size 250 x 250 x 250 mm were obtained. The block 
samples were then cut to triaxial sample sizes (50 mm high by 100 mm 
diameter) using a specially made split body sampler (Figure 8). 

The soils samples were obtained from two sites, that represent soils of 
the most commonly found rock types in Malaysia, namely the granite (Site 
A) and sedimentary rocks (Site B). 
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FIGURE 8. Details of split body sampler 

Site A was a road cut made in a residual soil that had developed over 
the commonly outcropping Perm-Triassic Mesozonal granite of Peninsular 
Malaysia (Raj 1985). The road cut was at Km 31 along the Kuala Lumpur
Karak highway. Soil samples were obtained from residual soil of weathering 
grade VI, according to the commonly weathering classification for igneous 
and some sedimentary and metamorphic rocks of Little (1969). 

Site B was a cut slope of approximately 40m high along a link road near 
the Kuala Lumpur International Airport, Sepang, Malaysia. The slope basically 
comprise of residual soils of weathered sandstone. The soils are generally 
yellowish brown in colour and consist mainly of fine sand and silt. Samples 
were obtained for soils of weathering grade V to III. 

A series of non standard or suction induced tests as well as standard 
tests was carried out to determine the shear strength parameters of the 
unsaturated residual soil. These tests include the suction induced shear box 
test on granitic soil samples from Site A, unsaturated consolidated drained 
(CD) tests with suction, of single stage-single suction, multi-stage- single 
suction, and multistage-multi suction on sample from both Sites A and B. 
For comparison, the conventional saturated consolidated drained (CD) test 
and consolidated undrained (cru) test with zero suction were also carried out. 

In running the test for the shear box, the soil sample was first allowed 
to consolidate under the selected normal pressure. The normal stress, an was 
applied vertically to the specimen through the loading shaft. The net normal 
stress (an - u) was varied by varying the normal stress (a) and the air 
pressure (uJ While the consolidation process brings the soil specimen to 
the desired (a-u) state of stress, the equilibrium process brings it to the 
desired (ua-u) or suction state of stress. The sample was then sheared at a 
rate of 0.001 percent per minute to ensure a drained condition. 

Figure 9 and Figure 10 show the flowcharts that outline the procedures 
of the non-standard multistage-single suction and multistage-multisuction 
triaxial tests, respectively. Summary of the stresses (a

3
) and applied pressure 

(ua' u) are shown in Table 1. 
In the unsaturated CD test with single stage-single suction, a suction of 

50 kPa was applied to the soil samples. While in the unsaturated CD test 
with multistage-single suction, and multistage-multi suction, the tests were 
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carried out in three stages in each suction (ua-u) plane of 50 kPa, 100 kPa 
and 200 kPa. 
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TABLE 1. Stresses (0) and applied pressure (Ud uJ 

Test type Test No. a3 
(a

3
- u) u 

a 
U 

'" (kPa) (kPa) (kPa) (kPa) 

Unsaturated CD, single stage- 1 200 100 100 50 
single suction of 50 kPa. 2 300 200 100 50 

3 400 300 100 50 
Unsaturated CD, multi stage- Stage 
single suction of 50 kPa 1 300 200 100 50 

2 400 300 100 50 
3 500 400 100 50 

Unsaturated CD, multi stage- 1 400 200 200 100 
single suction of 100 kPa 2 500 300 200 100 

3 600 400 200 100 
Unsaturated CD, multi stage- 1 500 200 300 100 
single suction of 200 kPa 2 600 300 300 100 

3 700 400 300 100 
Unsaturated CD, multi stage- 1 300 150 150 100 
multi suction 2 400 200 200 100 

3 500 200 300 100 

SHEAR STRENGTH PARAMETERS OF SOME UNSATURATED 
RESIDUAL SOILS MEASURED USING 

THE MODIFIED APPARATUS 

Figure 11 shows plot of failure envelope with respect to net normal stress 
plane (an - u) obtained from the direct shear test with fixed suction ranging 
from 50 to 350 kPa, on the granitic soil sample from Site A. The soil 
effective angle of friction, </>', is found to range from 20.3° to 29.9° with an 
average </>' angle of 25°. 

Linearizing the failure envelope using method suggested by (Fredlund 
et al. 1987), the angle of friction or change in shear strength with respect to 
suction, f, is obtained, as summarized in Table 2. As expected, the value of 
f is less than . 

500 
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.. 
'iI 

!~:) 100 kPa 

u.~(kPa) 

50kPa 
:;; 
" ~ 
'" 100 

50 

00 100 200 lOU 400 500 

FIGURE 11. Failure envelopes with respect to net normal stress, (o-u,) for shear 
box test with fixed suction on granitic soil sample from Site A 



43 

TABLE 2. Shear strength parameters of unsaturated granitic residual soils (of 
weathering grade VI) of Site A, measured using the modified shear box 

Matric 
suction, 

(kPa) 

50 
100 
150 
250 
350 

Apparent 
cohesion, 
c '(kPa) 

40 
127 
142 
215 
250 

Angle of 
friction, rp' 

25° 

Shear strength change with 
change in suction, rp b 

12° 

Table 3 summarizes the values of cohesion, c', and effective angle of 
friction,f' of granitic residual soil of Site A, obtained using the non standard 
CD triaxial test with single stage-single suction, and mutilstage-multi suction. 
For comparison the results of a conventional CD test is also included. As 
shown the effective angle of friction, obtained from all the tests do not vary 
much, i.e. ranging from 25° to 27°, with an average of 26°. The value of 
cohesion (c') however is very dependent on the suction, with c' equal to 50 
kPa for no suction to c' equal to 111 kPa at suction of 200kPa. 

TABLE 3. Shear strength parameters of unsaturated granitic residual soils (of 
weathering grade VI) of Site A, measured using the modified triaxial 

Type of test Apparent Angle of Shear strength 
cohesion, c' friction, rp ' change with change 

(kPa) in suction, rp b 

Unsaturated CD, single 60.1 25° 17° 
stage-single suction 50 kPa 
Unsaturated CD, multi 61.0 26° 17° 
stage-single suction 50 kPa 
Unsaturated CD, multi 93.7 26° 17° 
stage-single suction 100 kPa 
Unsaturated CD, multi 111.4 26° 17° 
stage-single suction 200 kPa 
Saturated (conventional) 49.9 27° 
CD, zero suction 

Using the CD triaxial tests with suction data to plot shear stress 1" versus 
(ua-u), the angle of friction with respect to suction, f could be found. As 
shown in Figure 12, the average value of f obtained is 17°, less than the 4>'. 

Table 4 shows a summary of the shear strength parameters of sedimentary 
rock soil samples from site B, measured using the conventional CIU triaxial 
test. As shown the soil angle of friction, 4>' tends to increase with decrease 
in the soil/rock weathering grade. The reverse is true for the case of the 
cohesion, c'. In another word, there is an increase in cohesion but a decrease 
in angle of friction as the soil/rock becomes more weathered. 

Table 5 shows a summary of the shear strength parameters of sedimentary 
rock soil samples from site B, measured using the non standard CD triaxial 
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FIGURE 12. Shear stress, 't', versus suction, (u. - u
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TABLE 4. Shear strength parameters of saturated sedimentary rock 
soils of various weathering grades (conventional CIU test) 

SoillWeathering grade 

Sedimentary residual soil of 
weathering grade V 
Sedimentary residual soil of 
weathering grade IV 
Sedimentary residual soil of 
weathering grade IV-III 
Sedimentary residual soil of 
weathering grade III 

Apparent cohesion, Angle of friction, 
c' (kPa) l/J' 

10 26° 

8 28° 

4 31° 

o 33° 

TABLE 5. Shear strength parameters of unsaturated sedimentary 
rock soils of various weathering grades measured using the 

modified triaxial (suction induced test) 

SoillWeathering Matric 
grade suction, 

(kPa) 

Residual sedimen- 50 
tary soil of we a- 100 
thering grade V 200 

300 
Residual sedimen- 50 
tary soil of wea- 100 
thering grade IV 200 

300 
Residual sedimen- 50 
tary soil of wea- 100 
thering grade IV-III 200 

300 
Residual sedimen- 50 
tary soil of wea- 100 
thering grade III 200 

300 

Apparent 
cohesion, 
c' (kPa) 

60 
82 
95 
97 
48 
57 
63 
67 
37 
48 
55 
61 
25 
35 
41 
43 

Angle of 
friction, l/J' 

26° 

28° 

31° 

33° 

Shear strength 
change with change 

in suction, rfI' 

26° 

26° 

24° 

19° 
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test. As expected the value of cohesion, c' increases with increase in the 
matric suction. For a given level of matric suction, the cohesion increases 
with increase in the soil weathering grade (i.e. from grade III to V). The 
angle of friction, q,' decreases as the soil becomes more weathered. The 
angle of friction or change in shear strength with change in suction, f 
however increases when the soil becomes more weathered. The values of f 
are generally lower than q,'. 

In term of test duration, it is of interest to note that the direct shear test 
with fixed suction took on average only 11 days to complete, compared with 
the average of 75 days for the case of shear strength test on similar residual 
soils using the modified triaxial apparatus. 

CONCLUSIONS 

Standard laboratory shear box and triaxial test apparatus can be suitably 
modified to enable them to test suction induced unsaturated soils. From the 
results of this study, the followings are observed with regards to the shear 
strength parameters of the unsaturated residual soils. The value apparent 
cohesion, c' increases with increase in the matric suction. For a given level 
of matric suction, the cohesion increases with increase in the soil weathering 
grade, i.e as the soils/rocks become more weathered. The angle of friction, 
q,' decreases with increase in the soils weathering grade, but the angle of 
friction or shear strength change with change in suction, f, increases as the 
soil becomes more weathered. The values of f are generally lower than q,'. 
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