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Abstract: Residual soils occur in most countries of the ddylt the greater areas and depths are
normally found in tropical humid areas. Most ofgbesoils exhibit high suctions for most of the year
The shear strength parameters, ¢’ ghdof soil can be obtained using conventional sheteength
tests. However the conventional shear strengthetpsipments would not be able to measpirealue
(change of shear strength to change in suctionhowit certain modification to them. This study
describes the modifications that have been madestandard shear box test apparatus to enable it to
test soil samples in unsaturated conditions. Theiisations include fabrication of an air pressure
chamber, modifications of the shear box assemlidiginthe air pressure chamber, modification to the
normal loading system, as well as additions of datguisition devices to enhance the performance and
simplify the usage of the modified shear box tegtaaatus.
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INTRODUCTION The two stress state variables most commonly used
are the net normal stress;{;) and matric suction, ¢u
Residual soils occur in most countries of the dorl — u,), which is found to be most satisfactory for
but the greater areas and depths are normally faund engineering purposés This combination has the
tropical humid areas. In these places, the residoil advantage of only one stress state variable ictafie
(also known as tropical residual soils) formingWhen the pore water pressure is changed. Or, ieroth
processes is still very active and the weatheringvords, the effects of change in total normal stiezss
development is much faster than the erosion fadioe. P€ Separated from the effects caused by a chartpe in
origin, formation and occurrence of tropical resilu POre water pressure. The shear strength equat®thea
soils have been described in detail by Singh anatfyy ~ following form:
The deep groundwater condition is not unusual in
tropical residual soils especially within steeppsls. t1=c+(0-u,)tanp+(y- y,) tag’ (1)
Soils above the groundwater is certainly unsatdrate
hence negative pore water pressure, which is als9\/here:
known as matric suction, plays an important role in.:
controlling the shear strength and consequently th?c-ua)

Effective cohesion
Net normal stress state of failure plane of

stability of many steep slopes. failure
Most residual soils exhibit high sgptions for most = Angle of internal friction associated with the
of the year. The absence of positive pore water net normal stress state variabeu)

pressures except immediately after rain  makegy,u,) = Matric suction on the failure plane of failure
conventional soil mechanics for saturated soilgP Angle indicating the rate of increase in shear
irrelevant. In particular, the effective stressaties of strength relative to matric suction

saturated soil are not applicable at a practicadlle

As the name suggests, unsaturated soil means soil The equation (1) describes a plane on a three-
that is not fully saturated, i.e. Soils which cantBoth  dimensional plot with the stress state variablesi,)
air and water phases within its solid phase. Howene and (y-u,) as the horizontal plane and shear strength as
contrast with Bishop'd concept of unsaturated soil, it the ordinate. This 3D plot is also known as therded
is not accepted that the state of stress in theerwat Mohr Coulomb failure envelope. The equation assumes
phase, rather than the degree of saturation, timtld a planar failure envelope, the internal frictiorgleny,
be useff’. remains essentially constant under saturated and
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unsaturated condition. At saturation, i.e. whenrimat attempts to modify the shear box apparatus are
suction goes to zero, the equation reverts to kmars described by Escaro and SBez6) and Gan and
strength equation for a saturated soil. Thereftis t Fredlund”.
equation could be applied to both saturated and This study describes a three phase modification
unsaturated soils depending upon the matric suction that has been made to a standard shear box test
the soil. apparatus to enable it to be used for testingssoiiple
The parametec’ and ¢ can be obtained using in an unsaturated condition. A number of refineraent
conventional shear strength tests. Howevethave been made to the earlier designs of Escaro and
conventional shear strength test equipment would noSae#! and Gan and Fredlufild These are described in
be able to measureq’ value without certain the study.
modification to them.
The conventional triaxial test apparatus can be MODIFIED SHEAR BOX TEST APPARATUS
suitably modified to study the shear strength
characteristics of unsaturated residual¥oiHowever The first phase of the modification involved
this technique has a number of weaknesses. Fiwt,of fabrication of an air pressure chamber and modiGioa
it is a very lengthy procedure. One multistage sesies  to the normal loading system. The second phase was
may take up to three months for completion. Seggndl modifications to the shear box assembly insidedtine
the design of modified triaxial equipment is very pressure chamber. Whilst the third phase was additi
complicated. Thirdly, the experimental setup of aof data acquisition devices to enhance the perfocea
triaxial test for unsaturated soil is very tedioAdl.the ~ and simplify the usage of the modified shear bt te
above reasoning makes the usage of triaxial teggng ~ apparatus to make it suitable for testing unsagdrat
time consuming, cumbersome and not user friendlyresidual soils.
Hence, an alternative method of finding the shear
strength characteristics of an unsaturated sait,ithnot  Ajr pressure chamber and normal loading system:
so time consuming and complex in design, is neéded The first requirement of testing an unsaturated isoi
overcome the said weaknesses. the need to apply suction.{u,) to the soil sample. For
Shear box apparatus on the other hand is wekhis purpose, the modified pressure plate technimue
known for its simple design and fast testing prated.  axis translation techniglfe whereby both the pore-air,
The direct shear box test is the oldest and sir‘npﬂay U, and pore water, (U pressures are raised into the
of measuring the shear strength of a soil. It ubes positive range, making them controllable and
principle of angle of friction test, in which on@mion  measurable, is wused. Thus, matric suctiaf
of the soil is made to slide along another by tt#oa  much higher magnitude than the atmospheri

of steadily increasing horizontal displacement,lev  pressure could be obtained without fear of
constant load is applied normal to the plane ditieé¢  cavitations.
movement. To apply air pressure to a soil sample in a direct

The standard test apparatus basically consistshear test, the shearing apparatus has to be edclos
mainly of a rigid split box, with a top and bottom jnside an air chamber. This chamber must to baghrt
portion, placed in a shear box carriage. The ogeria  and must be able to withstand very high pressurat of
seated on a pair of rollers that can move alongiagd  |east 1000 kPa for the application of very hightisurc
grooved tracks; a motor connected to the shear |n this case, a stainless steel box measuring 300
apparatus controls its movement. _ mm by 200 mm by 200 mm high, with walls about

The specimen inside the shear box is sheared alongs mm to 20 mm thick was constructed as the
the split plane by first applying a normal load &i¢ad g cjosure (air pressure chamber), as shown inFFig.
hanger, then moving the bottom portion of the bOXThe air pressure chamber lid is 20mm thick and is
relative to the top portion. The top portion of thex is clamped to the chamber wall using twelve 5 mm
kept stationary by a horizontal force-measuringicev bolts. A 15 mm and a 5 mm diameter holes were

This measuring device, a proving ring and a dialgga . . . ) i
or more recently force transducers, measures tearsh drilled in approximately the middle of the I.'d. to
accommodate the normal load ram and the joint of

load resistance. In the normal shear box testirsg, ah . i velv. The ai
opposed the more versatile triaxial testing, drginaf ('€ @l pressure line respectively. The air pressur
the soil sample cannot be controlled. In such case, !In€ is for the application of air pressure, dTwo

soil sample is normally assumed or tested either ag0re 15 mm_diameter holes were drilled in the left
drained or undrained. and right sides of the air chamber wall to

For the specific case of tropical residual sdik t accommodate the rams in contact with the apparatus
soil is normally unsaturated. In order to invesiigthe  outside the chamber (load cell and motor drivet)uni
shear strength characteristic of such soils, fgsatus Another two 5 mm holes were drilled in the side of
such as the standard shear box has to be moddied the chamber for water lines joints, i.e. for apptyi
simulate an unsaturated condition. Examples ofiezarl water pressure () to the soil sample.
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Fig. 1: Modified direct shear box assembly (a) isecA-A (b) plan view

It is of interest to note that the air chambendids  complete with clamping screws. By applying silicon
first fabricated solid and difficult to manage besa of grease to the bottom half's outer walls, which ffist
its weight. For this a Perspex window and a handlénto the shear box carriage, water is ensured dw fl
were fabricated to the lid. The window enables aisu only towards the high air entry disk.
inspection of the insides of the chamber to be mimte It is of interest to note that in this design, the
example during the saturation of the high air edisk  standard 60 mm x 60 mm size shear box was used,
(in case the water above the disk finishes), ooteef compared with smaller 50 mm x 50 mm size sample of
shearing commences (in case the clamping screws hathe earlier modified design. Larger sample size is
not extracted). Apparently none of the earlier rfiedi  particularly important to tropical residual soil #se
shear box design mentioned before has these feature soils are usually non-homogeneous and antistrophic,
To ensure air tightness of the air pressure chambemaking representative sampling particularly difft€l

rubber strip was fitted at the periphery of therohar Next the swan-neck yoke on the top half of the
lid and rubber o-rings were installed at all the@w  shear box was modified to allow for longer horizint
mentioned drilled holes. displacement, hence higher shear strain. Thisdause

With the addition of the air pressure chambeht® t previous triaxial tests on unsaturated soils haddgid
test assembly, the original loading yoke and weightery high strains of more than 15%). Figure 2
hanger used for the normal pressure had to bec@gpla illustrates the modified shear box assembly.
to make allowance for the width and height of tlire a The next important consideration after the air
pressure chamber. In this case, a 200 mm long ealind pressure  applied was the pore-water pressure
tip stem was fixed to the loading yoke assembly toapplication. For this a water chamber or compartmen
transfer normal load from the weight hanger togh#  was made in the form of spiral groove in the shmac
sample inside the air pressure chamber (Fig. 1). carriage. A pair of funnels drilled into the cagéa

connects this water chamber to the water linestdpn
Shear box assembly: The second phase of the of the spiral groove, a square 60 mm x 60 mm high a
modification includes the modifications on the sheaentry ceramic disk was fixed. This high air entry
box assembly itself, the shear box carriage, aitiadd ceramic disk separates the air and water pressimes,
of sturdy helical stainless steel tubes as patt@fvater  enabling independent control of pore water pressure
line and the motor driver unit to drive the sheax.b (u,) from pore air pressure Ju

The two halves of the conventional shear box were  Once the high air entry disk was saturated with
replaced because the design of the original shear b water, air cannot pass through the disk by
did not allow for water-tightness of the bottomtbé  diffusion due to the ability of the contractile skio
sample. A new solidly built shear box was fabridate resist the flow of al?.
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Fig. 2: Modified shear box in its carriage (a) sattA-A (b) plan view
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Fig. 3: Modified shear box test set-up for testimgaturated residual soil

The spiral water grove chamber at the base of thBata acquisition devicess The third and final
current modified shear box carriage was designed tphase  of  the modification involves  the
enable water to flow more swiftly and efficiently, replacement of certain measuring devices that
especially during flushing, compared to the sharpwould simplify data collection and also adiis to
corners found in parallel drains of the earlier ified  the experimental set-up to suit unsaturated soi
shear box of Gan and FredIdfid testing procedures.
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In a standard direct shear test, three sets afatat Table 1: Basic engineering properties of soil s&mpl
required and have acquired during the shearinggsmc Liguid limit

95%

. . . Plasticity index 50%

They are the relatlve_dlsplace_ment of the two PO Speciﬁcygravity’ G 2.6;3)

of the shear box (horizontal displacement), theic@r  Sand content 43%

displacement of the sample and the shearing resista Silt content 9%

lied to the soil sample Clay content 48%
applie pte. Type of clay mineral: (X-Ray Diffraction) Kaolinite

To ease data collection and analysis, all data
collection was computerized. Linear variable -
displacement transducers (LVDT) were used to
measure both the vertical and horizontal displacese m
Whilst a 10 kN capacity Wykeham Farrance load cell 0
connected to the swan neck was used to measure th
horizontal shearing forces.

50 kPa
In addition to the above three sets of data aequir :::
using the said devices, for testing unsaturateld, sthie -
vertical displacement of the specimen during %

consolidation and the volume change of water and o = o o = ™
diffused air during suction equilibrium are also Nt norna tess (6 -y 4P2)
required. These additional data are obtained befwre
shearing commences. During shearing, the volumgig. 4: Failure envelopes with respect to net nérma
change data are also required. stress, ¢-us,), for test with fixed suction
For consolidated drained tests, the water volume
change has to be monitored to ensure no excess pore Tropical idual i I
water pressure remains. In this case, the measantem pical —residual — solis —are —usually non
of volume change was done by means of a Wykeharjomogeneous and an|§oFrop|c, makmg representative
Ferrance automatic volume change device, whichdcoulS@mpling particularly difficult. In this study, ik
measure the total volume change draining out of opamples measuring 200 x 200 x 200 mm were collected
drawn into the soil sample. This device was coretect from the site in metal boxes. These were thenatiie
to the water chamber and water lines inside the aishear box size (60 mm x 60 mm) samples in the
pressure chamber. The total volume change can Haboratory.
measured under a controlled back pressure by |n running the test, the soil sample was first
connecting the air pressure regulator to the deviae gjiowed to consolidate under a selected normal
an air bladder assembly, as illustrated in Fig. 3. pressure. The normal stress, was applied vertically
For shearing the soil sample, a displacementtef raiy the specimen through the loading shaft. The net

0.001 percent strain per minute was adopted, as h%%rmal stress o, — W) was varied by varying the
been established in the earlier wdrkas ‘ideal’ .
normal stressao(,) and the air pressureju

shearing speed for unsaturated tropical residugal so While the consolidation process brings

RESUL TS AND DISCUSSION specimen to the desireds-@,) state of stress, the
equilibrium process brings it to the desired-) or

A series of laboratory direct shear test with dixe Suction state of stress. The sample was then sheaee

suction was performed to see if the modified appara rate of 0.001 percent per minute to ensure a ddaine

is suitable for testing the shear strength of umsétd  condition.

residual soils; to see if the results obtained dgmjth Figure 4 shows plots of failure envelope with

the extended Mohr Coulomb failure criterion of respect to net normal stress plawg £ ua) obtained

Fredlundet al™, as well as for comparison with the from the direct shear test with fixed suction rawggi

results of other similar studies on unsaturate@itad  from 50 kPa to 350 kPa. The soil effective angle of

residual soils. friction @ is found to range from 20°30 29.9, with an
The soil samples used were obtained from a cuhyeragep angle of 24.6.

slope at KM 31 of the Kuala Lumpur-Karak Highway, Theoretically @ should not vary too muéf. In

near Kuala_\ Lumpur, Ma_lay3|a. The soils amngic other words the lines for different values of soiofi(u-
residual soils of weathering grade VI, based on the
commonly used classification of Lithd. These soils uw%é]should_be roughly parallel. However, Abdullah
had been formed over the commonly found porphyriticl- » Escario and Saé? Gan and Fredlunid, in their
biotite granite bedrock of Peninsular MalayélaTable ~ reseéarch found that the lines have a tendency go th
1 summarizes the basic engineering properties @f thslight divergence at increasing loads, which appéar
soil samples. be in agreement with this study.
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Table 2:  Values off and @ of some tropical residual soils

Soil Type @° @° Test procedure Reference
Granitic residual soil, 26 17 Unsaturated (CDtial, multistage-single suction Abdullahal’
grade VI Saturated (CD) triaxial
Granitic residual soil, 27 - Saturated (CD) trixi Abdullahet al®
grade VI
Granitic residual soil 26.5 - Hossaift*!
Sedimentary (Sandstone)
residual soil
- GradeV 26 26 Unsaturated (CD) triaxial, nstéige Mariappaet al*®
Grade IV 28 26 -multi suction Mariapparet af*®
Grade Il 33 19 Mariapparet al*®!
Table 3: Values off obtained by linearizing method = '
Net Normal Stresss(— W), kPa @° - :
0 13.1 S‘F’ 27 i  (a) Soll Wate
100 12.7 % :: ; ) Chat torktic Curve
200 12.1 - T
300 11.6 :’; . . ] . . . X
400 13.0 10 i-,.... 300 I s00 ) P

: Suction (us - Uwl, KPa

450 H 400 ko
The average value of obtained (¢ = 25") is in a 400 : —— L —m e et oaman

reasonable agreement wiptof similar tropical residual S 0 T e |
soils but tested using the modified triaxial tggparatus i f e
as summarized in Table 2. More examples of typical g 150 ] ralturs Envatops wim Respeet
shear strength parameters of tropical residuas sw@ih wo '
be found in Maaikt al'® and Ting and Nithiar8f". o T R TR e T

Sustian (ua - use), KPa

The apparent cohesion, c¢’, conforms well to the
theoretical concept of unsaturated soil, in thaiearly
shows its increasing trend with increasing suction™'9:
value. Thec’ intercepts increase from 40 kPa when the
suction applied equals to 50 kPa, to 250 kPa at the
suction value of 350 kPa (Fig. 4).

This certainly proves that soil suction does pday e ), 7
role towards increasing the shear strength of laasmui Fo Eompe el s s 25 t
also verifies the unsaturated soil mechanics tH&bis )

5. Relationship between soil-water charactieris
curve and shear strength

Matric Swction jua - i)

-
Pl bl g g Fiug - uwitan 12.1

Figure 5 shows of failure envelope with respect to E e
the matric suction @ u,) plane. The non-linearity of H e
the failure envelope of unsaturated soil as regobg e
- HE®

earlier studiéd " is evident in this plot. -
If the method of linearizing the failure envelope
suggested by Fredlunet al® is to be observed, the 1
distortion point or air entry value of the soil {aw)" ! ; T e e
from the soil moisture (or water) characteristicveuof
the soil would have to be found first.
Thus, by plotting the soil-moisture characteristic

curve of a soil sample taken from the same testesitl

tested using the Rowe cell (which was suitably  the three-dimensional Mohr-Coulomb failure
modified to employ the axis translation techniqoe f g t306 piot for the residual soil tested is aswshin
application of suction), against the failure enypelo Fig. 6

with respect to suction (F.'.g'. 5a), the failure dopes In terms of test duration, it is of interest tdenthat
could be linearized by utilizing the method suggdst the direct shear test with fixed suction took oerage

Table 3 gives the resulting values from such egerci .
and @ being the angle of the second portion of theonIy 11 days to complete, compared with the avecdge
75 days in case of shear strength test on singkidual

failure surface plot. . . e -

The value ofg’ is found to range from 11.6 to 13.1 SOilS using m(5)d|f|ed triaxial apparatus as reporgyd
which an average value of A2The ¢ value is lower Abdullahet al and Mariappamet al*?l. A major time
than the@ values, which is in agreement with the Saving could therefore be made using the modified
shear strength parameters of other similar ¢aipi shear box apparatus compared with the modified
residual soil but tested using the triaxial tesshewn triaxial test apparatus, for determining the shear
in Table 2. strength characteristics of unsaturated residubl so
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CONCLUSION 6.

Conventional shear box test apparatus can be
suitably modified to enable it to test residuallsoi 7.
sample in an unsaturated condition. The modificatio
that have been made include fabrication of an air
pressure chamber, modifications to the shear box
assembly inside the air pressure chamber, modditat 8.
of the normal loading system, as well as additiohs
data acquisition devices to enhance the performance
and simplify the usage of the modified shear bt te 9.
apparatus.

From the test results obtained, the modified shear
box test apparatus has been shown to be capable of
producing acceptable and comparable results. The

application of suction on the shear strength of thelO.

residual soil conforms the following: the highereth
suction applied, the higher the shear strength rheso
The effect of suction can be quantified by the afséhe
extended Mohr-Coulomb failure surface plot. The

values ¢ and ¢ obtained are comparable to the 11.

modified triaxial test results done on similar ficg
residual soils.
The modified shear box has a distinct advantage

compared with the modified triaxial test whereby it 12.

allows a quicker hence cheaper shear strengthotest
unsaturated residual soil. The apparatus is alsce mo
adaptable and easy to handle due to its relatsietple
design.
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