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Abstract

The unsaturated soil mechanics is receiving inangasttention from researchers and as well as
from practicing engineers. However, the requiremehtsophisticated devices to measure
unsaturated soil properties and time consumptiore mmade the geotechnical engineers keep
away from implication of the unsaturated soil metbs for solving practical geotechnical
problems. The application of the conventional labary devices with some modifications to
measure unsaturated soil properties can promotagpkcation of unsaturated soil mechanics
into engineering practice. Therefore, in the prestudy, a conventional direct shear device was
modified to measure unsaturated shear strengthmedeas at low suction. Specially, for the
analysis of rain-induced slope failures, it is imtpat to measure unsaturated shear strength
parameters at low suction where slopes become hiastihe modified device was used to
measure unsaturated shear strength of two silty ablow suction values (0 ~ 50 kPa) that were
achieved by following drying path and wetting paftsoil-water characteristic curves (SWCCSs)
of soils. The results revealed that the internatiém angle of soil was not significantly affected
by the suction and as well as the drying-wettingC33¥ of soils. The apparent cohesion of soil
increased with a decreasing rate as the suctiorased. Further, the apparent cohesion obtained
from soil in wetting was greater than that obtairfeain soil in drying. Shear stress-shear
displacement curves obtained from soil specimebgested to the same net normal stress and
different suction values showed a higher initidfrséss and a greater peak stress as the suction
increased. In addition, it was observed that sedame more dilative with the increase of suction.
A solil in wetting exhibited slightly higher peakesir stress and more contractive volume change

behaviour than that of in drying at the same etmal stress and the suction.
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Introduction

Conventional testing equipment such as triaxial divdct shear testing apparatus used for
saturated soil testing have been modified and eitely used in the determination of the shear
strength of unsaturated soils (Bishop and Donakil1®io and Fredlund 1980; Gan et al. 1988;
Ridley 1995, Vanapalli et al. 1996; Caruso and ftmna 2004, Sedano et al. 2006). The
modified direct shear apparatus is particularlyvamment for determination of shear strength of
unsaturated soils (Fredlund and Rahardjo 1993)s &pparatus offers an advantage over the
triaxial tests because the drainage path in tHespecimen is relatively much shorter. The time
required to reach equilibrium conditions under &zpmatric suction could be about 1 ~ 2 days
which is relatively much lower compared to thateduired for a triaxial test (about 7 ~ 15 days
depending on the sample height). The design of feddiriaxial apparatus for unsaturated soils
is complicated and the experimental set-up foriaxital test is tedious. However, in triaxial
apparatus, it is possible to apply a variety officong pressures to the specimen allowing it to
undergo different types of stress paths. Therefive data obtained from the triaxial apparatus
can be used for critical state analysis of shaangth. In direct shear tests, the failure plane is
pre-defined and the shear strength and deformagbaviour of unsaturated soils can be studied
only over a limited range of displacement. Howewamme field-loading and failure conditions
for unsaturated soils (landslides) can be modeledifmple shear test (Rahnenma et al. 2003)

which is less time- consuming, east to set-up assl tomplicated.



It is necessary to modify the conventional dirgloear apparatus in order to conduct tests on
unsaturated soils. Donald (1956) conducted a sefidsect shear tests on fine sands and coarse
silts subjected to a negative pore-water pressiine. soil specimens were exposed to the
atmosphere to maintain pore-air pressuggeatizero. The negative gauge pore-water pressure
was controlled by applying a constant negative headater phase through a membrane at the
base of the specimen. This apparatus limited tipiexpmatric suction, (Hu,), to 101 kPa (i.e.,

1 atm) because water cavitates in the measuringrayet a negative gauge pressure approaching
to 101 kPa.

Hilf (1956) suggested that pore-air and pore-watessures could both be raised to positive
pressure in order to apply matric suctions highent 101 kPa without cavitation in the
measuring system. This proposed procedure is egfda as the axis-translation technique. This
procedure is performed with the use of a high atryedisk that allows a passage of water but
prevents the passage of air. Gan et al. (1988) aseddified conventional direct shear apparatus
by which the sample could be subjected to matratien greater than 101 kPa by employing the
axis-translation technique. The high air entry necadisk is embedded in the sample base.
Therefore pore-air and pore-water pressures cawoieolled or measured independently as long
as the matric suction of the soil does not excbeair entry value of the ceramic disk.

The most commonly used shear strength equationafo unsaturated soil in which two
independent stress state variables are used wpssaw by Fredlund et al. (1978).The two stress
state variables used in the equation are the metalstress,d, — W), and the matric suction, {u
— UWy), Whereo is total normal stress,;us pore-air pressure,,us pore-water pressure. The

proposed shear strength equation has the follofimg:



r=(o,-u)tang +c [1]

c=c +(u, —u,)tang’ [2]

wheret is shear strength of unsaturated soil, ¢ is @ppaohesion, 'ds effective cohesion of
saturated soilg = is the shearing resistance angle which is asdumbe constant for all values
of matric suction and is equal to that of saturateadition, ¢ is the angle of shearing resistance
with respect to suction.

In this interpretation, the relationship betweend ( W-u,) is assumed to be linear. However,
(Escario & Saez 1986) determined that this relatigmis actually non-linear. Later several other
researchers observed the non-linear relationshipdes apparent cohesion and matric suction
(Fredlund et al. 1987; Wheeler 1991; Ridley 199&ljé¥ et al. 1995).

Although numerous experimental results can be fdanthe hysteresis between the drying and
the wetting SWCCs, not much experimental evideatesavailable for the effects of the drying
and the wetting on unsaturated shear strengthiddigedof rain-induced landslides is concerned,
it is important to know unsaturated shear stremgtioils for low suction where slopes become
unstable. Therefore, this paper presents the sestithodified direct shear test conducted on two
silty soils for a low suction range (0~50 kPa).dmain shear strength parameters with less time
consumption compared to triaxial tests, a conveatidirect shear apparatus was modified. The
modified apparatus is similar to the device usedbygald (1956) and therefore it can be used to
apply maximum suction of 101 kPa. Further, the testilts obtained from the modified direct
shear apparatus were used to investigate the féécuction and dying-wetting hysteresis on
the shear strength, the stiffness, the internatiém angle, and the apparent cohesion of test

materials.



Test device

A modified direct shear apparatus which was eggdan this study is shown in Figs.1 and 2.
A ceramic disk with an air entry value of 100 kBaembedded in the circular sample base. A
specimen with a diameter of 60 mm and a heighOahn is prepared by wet-compaction on the
saturated ceramic base to achieve pre-determinesitgle

The compartment below the ceramic disk is connettedwater tank that maintained its water
level at the mid-height of the sample. The watahetank can be subjected to negative pressure
and the applied pressure can be measured by tesupeetransducer which is connected to the
bottom of the water tank (Figs. 1 and 2). The neggapressure measured by the pressure
transducer is applied to the water phase in thepkathrough the saturated ceramic disk at the
base of the sample. The soil specimen is expos¢het@atmosphere through the gap (1 mm)
between the two shear boxes and the porous stotiee atample top to maintain the pore-air
pressure, 4l at zero pressure. The constant matric suctiory in the sample is equal to the
applied negative pressure in to the water tanks @pparatus can be used to apply the maximum
suction of 100 kPa.

The water tank is placed on an electronic balangewcan be used to measure the weight up
to 4.2 kg with an accuracy of 0.01g. The balaneslirgy is used to calculate the movement of
water into and out from the soil specimen. A thaydr of silicon oil is placed on the water
surface in the tank to avoid water evaporatioms Bssumed that equalization of the pore-water
pressure in the sample is achieved when the baflaadeng is approximately constant.

The total vertical stress,, is applied by a double action bellofram cylindeounted with a

loading piston, which in turn is connected to thertical loading shaft of the direct shear



apparatus. The vertical loading shaft is connetteitie base of the sample as shown in Figs. 1
and 2. In this system, the vertical load is appligdair pressure which is controlled through
electro-pneumatic (E/P) transducer and an air velbooster. When the vertical load is applied,
the load is transmitted through the sample basesample, and the top cap to the load- receiving
plate. The vertical load is then measured by twaxlgells (Wu, 2003) attached to the load-
receiving plate. The summation of the reading af tead cells is equal to the applied vertical
load. This loading system can adjust the verticaldl very quickly in order to maintain the
constant vertical normal stress condition duringasimg by taking into account the change in the
sample cross section area.

A horizontal shaft coming from the motor can drihe upper shear box for the application of
horizontal shear load to the specimen. As showrrign 2, a load cell is connected to the
horizontal shaft to measure the applied horizostear load. The minimum possible constant
shear displacement rate that the motor can gensr&€®008 mm/sec. Gan et al. (1988) found
that the shear displacement rate of 0.00022 mmdsetess is necessary to maintain the
equilibrium pore-air pressure during shearing @fyely soils. Therefore, the minimum possible
shear displacement rate of 0.0008 mm/sec was nd@distudy for silty sand.

Two linear voltage displacement transducers (LV¥ith a capacity of 10 mm are used to
measure vertical and shear displacements. The git@digital (A/D) converter used in this
apparatus is one board of 12bit (4.9mV) with 8 cted® in which a total of 6 channels were used.
All analog output signals of transducers (threalloalls, two LVDTS, one pore-water pressure
transducer) are first amplified before sendinghte A/D converter. The digital signals of the
transducers can be converted in to physical valsegy relevant calibration factors and stored in

the computer



Test materials

Two silty soils, namely Edosaki sand and Chibi§ s@re employed in the experimental work
of this study. Edosaki sand was procured fromtarabslope in Ibaraki (Japan) and Chiba soil
was excavated from a railway embankment in Chiledepture (Japan).

Wet sieving analysis and hydrometer tests wertopeed on Edosaki sand and Chiba soil as
these materials contain fines (particles finer tlta@75 mm) contents of 17.1 and 36%,
respectively. The grain-size distributions of testerials are shown in Fig. 3. Other basic soil
properties such as specific gravity, maximum vaton, minimum void ratio, and plasticity
index measured for two soils using JGS standatdntethods are shown in Table 1. According
to the Unified Soil Classification System, it wiasind that both soils were silty sand.

Fig. 4(a) and (b) depict the soil-water charastier curves (SWCCs) for Edosaki sand and
Chiba soll, respectively, obtained in the labonatasing a Tempe pressure cell. Both the drying
and the wetting SWCCs were obtained for Edosakld ssing a sample with dry density of 1.35
g/cnt and while it was 1.25 g/chfor Chiba soil. Direct shear tests were conducirdsoil
specimens of Edosaki and Chiba soils with dry dgnsi 1.35 and 1.25 g/cinrespectively.
Since the air-entry value of the ceramic disk usedlempe pressure cell is 300 kPa, the
measured SWCCs were restricted to the maximumasucti 200 kPa. As shown in Figs. 4(a)
and (b), the equation proposed by Fredlund and Xir894) was used to fit the laboratory
measured SWCC data. The fitting parameters usdgdsr4(a) and (b) are shown in Table 2.

The equation proposed by Fredlund & Xing (1994piven in Equation [3]

6 3]

Inle+(41//a)”J}rn

6w.a,n,m)=C(y) |



where C(y)) is a correction function defined as

InA+¢ly,)

CW) =1+ (10000004,

[4]

and 8 = Volumetric water contenty = Suction (kPa), = Residual suction (kPa), =

Water content at zero suctian, m, n= Fitting parametersa(has the unit of pressure (kPa))

Method of testing

To obtain unsaturated shear strength parametefSdasaki sand with an initial dry density of
1.35 g/cm, a series of constant suction consolidated draitiestt shear (CSCDDS) tests were
conducted by achieving the predetermined low soct@ues (i.e., 0, 10, 20, 50 kPa) following
the drying or the wetting path. For each suctiolueafour tests were conducted under different
net normal stressf-u,) values (i.e., 34, 84, 135, 185 kPa). All specisneere prepared with an
initial gravimetric water content of 8% in orderdbtain the initial matrix suction greater than 50
kPa.

Another series of CSCDDS tests were conducte@laba soil to obtain its unsaturated shear
strength parameters for an initial dry density @f5lg/cmi. The constant suction values (i.e., 0,
10, 20, 50 kPa) were achieved following the dryomghe wetting path. For each suction value,
four tests with different net normal stress:-(1,) values (i.e., 25, 50, 100, 200 kPa) were
conducted. All test specimens in this series weepgred with the initial gravimetric water
content of 10% in order to obtain initial matrixcdon greater than 50 kPa.

The test procedure for measuring unsaturated stesrgth parameters in wetting and drying

using the modified direct shear apparatus invothiessample preparing and setting-up of the test



specimen, achieving the pre-determined suctioroioilg wetting or drying, and shearing the
sample under the controlled suction. To obtainséierrated shear strength, the prepared sample

is left under zero suction for saturation beforeasng.

Preparing and setting-up of the test specimen

After saturation of the ceramic disk, a checlswl@den made to ensure the saturation of the
associated system following the procedure desciilydduang (1994). To do the check, the fully
saturated system (the ceramic disk, the compartroeltw the ceramic disk, and the tube
connected to the base plate) was connected toegppessure transducer by the tube connected to
the base plate. The surface of the ceramic disktheas wiped using a soft dry paper and the
reading of the pressure transducer was observddtimie. The saturation of the ceramic disk
and the associated system was considered perfert a/imegative pore-water pressure of about
60~70 kPa was observed after drying the surfadbeotlisk by a soft dry paper (Huang, 1994).
Otherwise, the described process of saturation a@aslucted again. Fig. 5 shows the typical
result of saturation check of the ceramic disk #r& associated system. After confirming the
saturation, the water was flushed through the botb the ceramic disk in order to saturate the
upper portion of the disk which dried-up during gaturation-check.

The base of the sample (surface of the ceraisii) dias brought 1 mm above the bottom edge
of the lower shear box by adjusting the regulatahe air supply to the double action bellofram
cylinder and then the vertical shaft was then clkdhprhe above procedure was aimed at
preparing a sufficient space to allow the specirtwerireely expand (dilate) during shearing.
Thereafter, the upper and lower shear boxes warapgd placing spacers in between them to

create a gap which would avoid the effect of fantl resistance between two shear boxes



during shearing. The water tank was placed on ketrenic balance and the water level was
brought to the mid-height level of the specimenallgling or removing water. The LVDT for
measuring vertical displacement was set at theifsgggosition. Then all the readings of
instruments were initialized as zero. The valvensmting the water tank and the compartment
below the ceramic disk (both the ceramic disk dreddompartment below it were saturated with
water) was closed. The pore-water pressure traesaves then connected with the compartment
to measure initial suction (negative pore-watesgpuee) of the sample.

The sample was directly prepared on the ceraisic @he soil with initial gravimetric water
content of 8% and 10% for Edosaki ar@@hiba soils, respectively required to achieve
predetermined sample density was then poured hontould and compacted by a metal rod
until the soil surface leveled with the top surfate¢he upper shear box. This method of sample
preparation has an advantage of controlling spetifpid ratio of the sample.

The assembly of the reaction frame and the nemtlibad cells (Wu, 2003) was bolted to the
cross roller case. The spacers between shear ledescarefully pulled out without imposing
any disturbance on the specimen and the LVDT faxsueng shear displacement was set.

After starting storing data in the computer, iasvallowed to stabilize the initial suction
measurement. The clam of the vertical loading shaft then released and predetermined
vertical stress was applied with a constant rate &Pa/min. At the same time, the water
subjected to a predetermined pressure (0 or nejatmas allowed to flow into the specimen

through the ceramic disk at the bottom of the sampl



Suction in the sample before shearing

The specimen in the wetting path

The initial water content of soils (8% or 10%)smdetermined in order to achieve the initial
suction greater than 50 kPa, and the suction waas rieduced to predetermined value which was
less than 50 kPa by wetting the soil sample. fégative air pressure was first applied to the
water tank until the predetermined negative watesgure was read by the pressure transducer.
The valve was then opened allowing water to flot ithe specimen through the ceramic disk.
During this water supply, the normal stress waslgally increased to a predetermined value.
The change in the weight of the water tank was toogd during the wetting process and the
pore-water pressure equalization in the specimesn aggumed when there was no water flow
into the specimen (the reading of the electronlari@e was approximately constant). It generally
took about 24~30 hours to obtain the pore-watesguee equalization in the sample. Fig. 6
shows the typical time histories of (measured ammtrolled) sample pore-water pressure, and
the change in the weight of the water tank unté fhore-water pressure equalization was

achieved.

The specimen in the drying path

After preparing the specimen on the ceramic dreksetting up the apparatus, the specimen was
first saturated allowing water to flow into the speen through the ceramic disk embedded in
the sample base. The saturation of the specimeragsgasned when the change in the weight of
the water tank was negligible. During sample s&ima the water tank was vented to the
atmosphere and the pore-water pressure by thedtreeswas approximately equal to zero. At

the same time, the normal stress was graduallgased to a predetermined value.



After sample saturation, negative air pressure a@plied to the water tank until the pressure
transducer reading became equal to the predeteiimiegative pore-water pressure value. When
the valve between the tank and the sample basepesed, water flowed into the tank from the
specimen until pore-water pressure equalization agdmeved in the sample. Generally, it took
about 12~24 hours for saturation and 24~30 hourddesaturation. Fig. 7 shows the typical time
histories of the pore-water pressure and the chemtee weight of the water tank until the pore-

water pressure equalization was achieved.

Shearing the specimen

After achieving the pore-water pressure equatinain the specimen under the predetermined
constant suction (i.e., 0 ~50 kPa) and the prenheted vertical normal stress, the specimen was
sheared with the shear displacement rate of 0.00®8sec. Before shearing the specimen, the
two LVDTs were initialized as zero and the readfighe shear load cell was made zero.

During shearing, the vertical normal stress wastrolled at constant value by the feed back
system taking into account the change in crossoseatea. The vertical and shear displacements
were measured in mm. Negative and positive valueghe vertical displacement were
represented as contraction and dilation of the samgume, respectively. The shear stress was
calculated by using the measured shear force amdoted cross sectional area of the specimen.
The output data from the measuring system was savibé computer with the time interval of 2
sec. After the test was completed, the final watetent of the specimen was measured by oven
drying the specimen.

To obtain saturated shear strength propertietesif materials, the sample was saturated by

following the procedure explained in the section“thie specimen in the drying path” while



increasing the normal stress. After achieving @iteration and the predetermined normal stress,

the specimen was sheared maintaining the zerowater- pressure measured by the transducer.

Test data analysis

The shear stresg, and the normal stress (vertical stregg)are calculated as follows:

7= SFIA 5]

an = NF/A [6]

where SF is the shear force, NF is the normal ftmdbe specimen, ané is the corrected area

of the sheared specimen. For the cylindrical spegiof internal diameteD,
A :—(6—%sinﬁj [7]

Where Hzcos‘lﬁgj in radians and is the relative displacement between the lower and

upper shear boxe®. is equal to shear displacemethtas the lower shear box is fixed.

During shearing, the pore-air pressurg ofithe specimen was maintained zero as the specim
was exposetb atmosphere and the negative pore-water pressyr@hich was measured by the
pore-water pressure transducer was maintained amngtience, the constant suction-@w) of

the specimen was equal to the absolute value dphbed negative pore-water pressure.



Results and discussions

The results of series of unsaturated direct shesis ton Edosaki and Chiba soils are presented

and discussed in this section.

Effects of the net normal stress & —u,) on the shear stress-shear displacement and
volumetric behaviors

Figures 8(a) and (b) shows the effects of thenoemal stressd, —u,) on shear stress-shear
displacement and volume change behaviors of satli@ero suction) Edosaki sand. It can be
seen from the test results that the increase imétenormal stresoof —u,) increases the shear
strength and the initial stiffness of saturatedssdrurther, the volume of unsaturated soils
becomes contractive (in figures, the negative ealtidisplacement represents the volume
reduction of the specimen) as the net normal sireseases. Similar results can be observed
from the four tests conducted under constant sucf®0 kPa which was achieved by following
the wetting path (Figs. 9(a) and (b)). The effeatsnet normal stress on shear stress-shear
displacement and volume change behaviors wereefuri@rified by conducting four tests with
different net normal stress ( i.e., 34, 84, 13% kBa) under constant suction of 20 kPa which
was achieved by following the drying path (Figs(a)Gand (b)). Also the results of the four tests
(different net normal stress, i.e., 25, 50, 100 RPa) conducted on Chiba soil under constant
suction of 20 kPa which was achieved by followihg trying path exhibit the same behavior
(Figs. 11(a) and (b)).

It can be seen from the results shown in Figto &1 that the shear strength and the initial
stiffness of unsaturated soils increase and thamelof soils becomes contractive as the net

normal stress increases. These behaviors are indepeof the degree of saturation, the method



of suction achievement (drying or wetting), andl $gpe. Further, similar results have been
observed by Huang (1994), Blight (1967), Gan aretifand (1995), and Mashhour et al. (1995).
The increase in the net normal stress (or net omgfistress) may force soil particles to closed-
pack arrangement (volume contraction) during shearirhis volume contraction makes the

sample denser. Eventually the shear resistancthariditial stiffness increase.

Effects of suction (w-U,) on the shear stress-shear displacement and volun@hange
behaviors

Figs. 12(a) and (b) show the shear stress-shspladement and the volumetric behaviors,
respectively, of four tests conducted on Edosakidsspecimens subjected to the same net
normal stress of 34 kPa and different suction \&al@e 0, 10, 20, and 50 kPa) which were
achieved by the wetting. Similar results obtainemhi four tests conducted with the same net
normal stress of 135 kPa are shown in Figs. 13{d)(h). Figs. 14(a) and (b) depict the shear
stress-shear displacement and the volumetric betsaviespectively, of four tests conducted on
Edosaki sand specimens subjected to the same meainstress of 34 kPa and different suction
values (i.e 0, 10, 20, and 50 kPa) that were aekllidy the drying. Further, Figs. 15(a) and (b)
show the effects of suction (i.e. 0, 10, 20, anckB@), which was achieved by wetting, on the
shear stress-shear strain and volumetric behawfdChiba soil specimens subjected to the same
net normal stress of 50 kPa.

The test results shown in Figs. 12 to 15 stromigi;onstrate that suction has a great influence
on the shear characteristic of unsaturated so#. Sitear resistance of unsaturated soils increases
as the suction increases. Moreover, it is evideminfthese figures when the shear stress is

greater than 15 kPa, the stiffness of the sheassihear displacement curves increases as



suction increases. This fact implies that the suacthas a contribution to the stiffness of
unsaturated soil so that the stiffness increasetheasuction increases. These phenomena are
consistent with the fact that inter-particle fora@soils increases as suction increases.

To clarify the physics of unsaturated particulatedia, two spherical particles of radius R in
contact are considered as shown in Fig.16. Therwagémiscus between them is bound by the
two particles and by an imaginary torus. The smaallus of this doughnut-shaped torus;iamd

the distance from the centre to the inside watheftorus is# Therefore, the local contact force,

F, which the meniscus imposes on the particlestribaing by the pressure of the fluid acting
on the cross-sectional area of the meniscus andstinace tension J acting along the

perimeter of the meniscus, can be expressed asgi@h8&antamarina 2001):

F = (ua - uw)(”22) +Ts (2”2) (8)

This force is the only one arising from meniscugervaand increases as suction increases.
Therefore, the effects of matric suction resultairgreater normal force holding the particles
together and limiting slippage strength (Sawangsufi006). As the results, the stiffness and
the strength of unsaturated soils increase withessing matric suction. However, this effect

does not increase infinitely since the contact do(E) tends toward a limiting value due to

progressive reduction in the meniscus radius asosuinicreases (Mancuso et al. 2002).

Another effect of suction on the unsaturated selfavior can be clearly seen in the volumetric
deformation during shearing. As shown in theseréguthe soil is more contractive at zero

suction and becomes less contractive with the asing the value of suction prior to shear,

regardless of the value of the net confining pressis soil structures become stronger and less



deformable with the increase in suction, it is etpd to exhibit dilative (less contractive)
behavior with the increase in suction. Howeveis inoteworthy to mention that the effect of
suction on volumetric behavior of unsaturated saiuces as the net confining stress increases.
Similar effects of suction on stress-strain andur@tric behaviors have been reported by Huang

(1994), Blight (1967), Gan and Fredlund (1995), Kashhour et al. (1995).

Effects of the drying and the wetting on shear stigs —shear displacement and volume
change behaviors

The results shown in Figs. 17 (a) and (b) weré&iobd by shearing two Edosaki sand
specimens subjected to the same value of constativss of 10 kPa and an identical net normal
stress of 84 kPa. The only difference was the mietled to achieve the suction: one was
achieved by wetting and the other was by dryingalt be observed from the results that the
specimen in wetting exhibits slightly greater péakfailure) shear stress than the specimen in
drying. Further, the specimen in wetting is morentcactive than that of in drying. These
findings were further verified by Figs. 18 (a) afid where two Edosaki sand specimens were
sheared with the same suction value of 20 kPal@ddme net normal stress of 84 kPa. Fig. 19
(a) and (b) depict shear stress-shear displaceameihwolume change behavior of two Chiba soil
specimens sheared under the same constant suatises\of 10 kPa and an identical net normal
stress of 50 kPa. It can be seen that the requtsrsin Fig. 19 is consistent with those in Figs.
17 and 18. Though, the difference between wettimdy drying stress-strain behavior is small, a
significant difference in volume change during sivgacan be observed.

The results shown in Figs. 17(a), 18(a), and 189ggest that the specimen in wetting process

(lower water content) has slightly higher peak stst@ength than that in drying process (higher



water content). These results contradict the previmnding that the higher water content in

drying process results in the higher strength engbil sample (Lamborn 1986; Vanapalli et al.

1996; Oberg and Sallfors 1997). Therefore, to ihgate the possible reasons for the author’s
contradictory results, the detailed analyses weralacted on data of two identical specimens
(one in drying and the other in wetting) measurednd) shearing.

Figure 20 shows the vertical displacement, degifesaturation, and suction change during

shearing of two identical soil samples of Chibd saimples re-compacted to initial dry density

of 1.25 g/cm at the initial gravimetric water content of 10%hdTigh, the both specimens were

subjected to the same suction of 10 kPa, one wdsying process and the other was in wetting
process. The both specimens were sheared undeotis¢ant vertical net stress of 50 kPa. As
shown in Fig. 20(a), the vertical displacement &stg that the specimen in wetting is more
contractive than the specimen is in drying. No watmtent change in the sample was observed
in both the specimens during shearing and the fiveter contents (just after the test) were

measured as 20.9 % and 18.7% for the sample ingland wetting, respectively. The change in

degree of saturation of the specimens during ghgasias calculated using the final water

content and the sample volume change. The samfleneochange was calculated using the
measured vertical displacement and assuming aaungoss section area which is equal to the
cross section area of a shear box. Figure 20(byshioe change in degree of saturation of the
two specimens during shearing. As the both speareghibited contractive volume change, the

degree of saturation increased as show in Fig.)2@imce the specimen in drying is more

contractive than the one in wetting, the differefsween the degree of saturation of the
specimen in drying and the specimen in wetting elesed as shown in Fig. 20(b). It was

observed by Wu et al. 2007 and Airey (1987) thatwblumetric strain in the shear band in the



direct shear test is significantly greater thanaherage volumetric strain of the specimen. Hence,
the volume change in the shear band of the specimeretting and in drying could be more
contractive and dilative, respectively, than thé&wated values. Specially at peak stress, this
volume change behaviour could make the degreetofadin of the shear band of the specimen
in wetting to be greater than that of in dryingisThhenomenon may give higher strength to the
specimen in wetting than to the one in drying. @héhors’ experimental results may then agree
with the results of Lamborn (1986), Vanapalli et1®96, and Oberg and Sallfors (1997).

The suction in the specimens was controlled bglyapg negative pressure to the water
supplying tank and therefore, no change in suatias observed in the specimen during shearing
(Fig. 20(c)).

It is worthy to note that the difference betweleying and wetting shear strengths presented in
this paper is rather small and therefore, thisedgiice could be within the accuracy of the
measuring instruments such as LVDTs and load est®ciated with the modified direct shear

apparatus which was employed in this study.

Effects of suction (y~u,) and wetting-drying on shear strength parametersqand @)

The direct shear test results on unsaturated deinonstrated the significant effect of suction
on the shearing resistance on which a more detaniddjuantitative analysis will be made in this
section. In this analysis, the failure of a specimefers to its peak shear stress. The correction
for the dilatancy effect was not made on the messshear stresses at failure since the majority
of direct shear tests exhibited contractive behavio

To obtain the shear strength parameters (therappaohesiond) and the internal friction

angle @)) corresponding to a particular suction valuerfsail specimens subjected the same



suction and four different net normal stresses @4 84, 134, and 184 kPa) were sheared.
Implying the mentioned failure criterion, the fagushear stress for each test was then obtained.
Plotting these failure shear stresses with theesponding net normal stress and performing best
linear-fitting on the plotted data, the apparenhesion(c) and the internal friction angp(
corresponding to the particular suction value wdrained as shown in Fig. 21.

Figs. 22 (a) and (b) depict, respectively, theatmn of ¢ andc with the increase in suction for
Edosaki sand. Furthermore, these figures demoadtnat effect of wetting—drying og andc.
Figs. 23 (a) and (b) illustrate similar effectssottion ong andc obtained from the direct shear
tests on Chiba soil at the initial dry density &?8.g/cni.

It can be seen from the Figs. 22 (a) and 23Ha the effects of the suction and the drying-
wetting hysteresis of the SWCCs am are insignificant. Theg represents the frictional
resistance at inter-particle contacts. This mayaffected by particles’ surface roughness
(Christopher et al. 2008), particle crushing dulmading (Hamidi et al. 2009; Bolton 1986), and
the density (dilatancy effect) (Bolton 1986), buit the suction or water content (Cokca et al
2004; Mouazen et al. 2002).

Figs. 22 (b) and 23 (b) show that the apparentsioheg) increases with a decreasing rate as the
suction increases. This result is consistent Wwighfindings of Escario & Saez 1986; Fredlund et
al. 1987; Wheeler 1991; Ridley 1995; Ridley etl8l95.The increase in suction may increase the
inter-particle bonding force which can be attriblit® the cohesive force between particles.
Furthermore, these figures reveal thatclet wetting is greater than that of in drying ahi$ is
consistent with the finding of Han et al. (1995)p#ssible reason for this behavior is discussed
under the sub-topic of “Effects of the drying ahé tvetting on shear stress —shear displacement

and volume change behaviors”



Conclusions

The shear behavior of unsaturated silty soilgestdd to low suction (0 ~50 kPa) and low net
normal stress was investigated in this study bggisi modified direct shear apparatus. A series
of shear tests was conducted on Edosaki and Chilsaunder various combinations of the net
normal stress and the suction. The suction wasaetiby either wetting or drying in order to
investigate the effect of wetting-drying (the hysts of SWCC) on the shear behavior of

unsaturated soils. The main conclusions of thidysaue follows:

» The shear resistance and the initial shear stéfilesrease with the increase in the net
stress (net confining or net normal). The volumange of the specimen becomes more
contractive as the net stress increases.

* It was observed that soil subjected to a higheuevalf suction exhibits a stiffer shear
stress-shear displacement curve and a greatergheak stress as compared to the one
subjected to a lower value of suction. Furtherpi&lgaving a higher suction shows less
contractive volume change during shearing.

* The internal friction angles of tested materials mdependent from the suction and the
wetting-drying hysteresis of SWCC.

* The remarkable non-linearity between the appareasitesion and the suction was
observed in the test results. The test data inglicttiat the apparent cohesion increases
generally at a decreasing rate with the increaseiction.

» Soil in wetting exhibited higher apparent coheglmam soil in drying at the same suction.

* The direct shear test results revealed that saildtting is more contractive than the soil

in drying at the same suction and the net normesst
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Table 2. Fredlund and Xing (1994) fitting parametesed in Figs. 4 (a) and (b)

Fredlund & Xing

Edosaki sandpg = 1.35 g/cm)

Chiba soil pq = 1.25 g/cr)

fitting parameters

Drying

Wetting

Drying

Wetting

Os

0.412

0.370

0.530

0.425




a [kPa] 3.320 1.674 3.696 0.642
m 0.403 0.400 0.195 0.163
n 5.453 5.512 10.729 6.406
P; [kPa] 10.130 6.086 11.913 3.039
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Fig. 1: Schematic diagram of modified direct sheggparatus
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Fig. 2: A photo showing the components of modifilg@ct shear apparatus
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Fig. 10(a): Effects of the net normal stress orask&ress-shear displacement behaviour of
unsaturated Edosaki sand ( suction 20 kPa achieyéallowing the drying)
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Fig. 11(b): Effects of the net normal stress orunmtric behaviour of unsaturated Chiba soill
( suction 20 kPa achieved by following the drying)
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Fig. 12(a): Effects of the suction on shear steds=ar displacement behaviour of Edosaki sand
(the net normal stress is 34 kPa for all teststhaduction was achieved by wetting)
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Fig. 13(a): Effects of the suction on shear steds=ar displacement behaviour of Edosaki sand
(the net normal stress is 135 kPa for all teststhacduction was achieved by wetting)

0.2 .

T T L——— T -
Dilation Edosaki sand | ‘M

p=135g/cm® |
(0-u)=135kPa |

u-u =50kPa ]
- a w -

0.0F v

Cohtraction :

\ u-u,=20kPa ||

| u-u, =10kpPa| |

Vertical displacement [mm]
o
I

0 2 4 6 8 10 12
Shear displacement [mm]

Fig. 13(b): Effects of the suction on volumetridhbeiour of Edosaki sand( the net normal stress
is 135 kPa, the suction was achieved by wetting)
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Fig. 14(b): Effects of the suction on volumetridhbeiour of Edosaki sand( the net normal stress
is 34 kPa, the suction was achieved by drying)
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Fig. 15(a): Effects of the suction on shear stsds=ar displacement behaviour of Chiba soil (the
net normal stress is 50 kPa for all tests and tlséan was achieved by wetting)
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Fig. 15(b): Effects of the suction on volumetridbeiour of Chiba soil ( the net normal stress is
50 kPa, the suction was achieved by wetting)
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Fig. 16: Microscale model — schematic of unsaturafgherical particles (Cho and Santamarina
2001)
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Fig. 17(a): Effects of drying-wetting on shear st«shear displacement behaviour of Edosaki
sand (the net normal stress is 84 kPa, the suistib® kPa)
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Fig. 18(a): Effects of drying-wetting on shear s«shear displacement behaviour of Edosaki
sand (the net normal stress is 84 kPa, the suistidd kPa)
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Fig. 18(b): Effects of drying-wetting on volumetiehaviour of Edosaki sand (the net normal
stress is 84 kPa, the suction is 20 kPa)
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Fig. 19(a): Effects of drying-wetting on shear strshear displacement behaviour of Chiba soil
(the net normal stress is 50 kPa, the suctio® isPh)
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Fig. 19(b): Effects of drying-wetting on volumetiehaviour of Chiba soil (the net normal stress
is 50 kPa, the suction is 10 kPa)
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Fig. 20: Behaviour of volume change (vertical diggiment), degree of saturation, and suction
during shearing of two identical soil samples wlithkPa suction achieved by drying and wetting
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Fig. 21: The net normal stress vs the peak shezssstor the four tests conducted on Edosaki
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Fig. 22(a): Effects of the suction and drying-weagton the internal friction angle of Edosaki
sand



———
12 H Edosaki sand |- : ‘ ‘ E—
—_ H p, =1.35 g/em®
S 10— ‘ .
= I
O gL i
c
i) -
)
L 6 .
o) i
o
= a4 .
o i
S
a 2 T
< L
ok i
| | | 1 | | |
0 10 20 30 40 50

Suction, (u_-u ) [kPa]

Fig. 22(b): Effects of the suction and drying-wegtion the apparent cohesion of Edosaki sand
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Fig. 23(a): Effects of the suction and drying-wegton the internal friction angle of Chiba soll
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Fig. 23(b): Effects of the suction and drying-wegtion the apparent cohesion of Chiba soil



