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ABSTRACT

Shallow and deep seated landslides in natural slopes are often induced by rainfall. The cause of the failure is
usually considered to be due to the decrease in effective confining stress due to a suction loss by water
infiltration. However, rainwater infiltrates into the slope surface resulting in a reduction of shear strength of soil
and deformation and failure may occur even without significant change in effective stress. It is thus essential to
examine the deformation and failure characteristics of the soil induced by wetting. This study investigates on
the wetting-induced deformations under isotropic compression condition and triaxial shearing condition using
a triaxial test apparatus for unsaturated soils. Two soil samples collected from the active landslide sites from
Pakistan were used to examine both the shear strength and deformation behavior during water infiltration at
different levels of deviatoric stress by keeping the deviatoric stress constant during the water infiltration stage.
The test results showed that, even though the deviatoric stress is kept constant during water permeation at
different stress levels, the distortional deformation was exhibited due to wetting by a significant amount for
both samples. The effect of water infiltration on the deformation behavior of unsaturated soil regarding the
change in the degree of saturation and void ratio was also observed. There was a decrease in the void ratio for
both specimens during increasing the degree of saturation at different level of deviatoric stress ratio. Under
higher deviator stress, more decrease in void ratio and an increase of the degree of saturation were observed.

Therefore, it can be said that deformation of soil due to water infiltration is a critical phenomenon and it should
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be considered while analyzing the soil behavior due to water infiltration by rainfall or rise in groundwater level,
even if the slope is not failed, significant deformations may hinder the performance of natural slopes.

KEYWORDS: landslide, rainfall, wetting-induced deformation, deviator stress, triaxial test
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INTRODUCTION

Geologically and tectonically active Himalayan Range is characterized by highly elevated mountains and deep
river valleys. Because of steep mountain slopes and dynamic geological conditions, landslides are widespread
in sub and Lesser Himalayas zones of Pakistan. Landslide is one of the most common hazards in the Himalayas
and can be particularly devastating when it occurs adjacent to human settlements and infrastructures, such as
towns, roads, bridges, and utilities. The Kashmir area is characterized by rugged terrain and therefore most of
the road network, is carved out on slopes, leading to slope instability and eventually landslide (Fig. 1). The
significant portion of the road network in the region is at risk, because of the landslide hazard (Fig. 2 a, b, ¢ and
d).

Triggering factors such as torrential monsoon rains, and floods greatly aggravate slope instability mainly
along the road network (Rahman et al., 2014; Sudmeier-Ricux et al., 2011; Aydan et al., 2009; Bulmer et al.,
2007; Owen et al., 2008; Petley et al., 2006; Schneider, 2009). Dahal and Hasegawa (2008) predicted a long-
term slope destabilization due to the monsoonal climatic conditions and the vulnerable nature of the destabilized
slopes. They stated that extensive fracturing of dolomites in Muzaffarabad indicates that, in the future, slope
failures can be easily triggered by heavy rainfall or low-intensity earthquakes. Muzaffarabad will experience a
significant increase in landslide area in the subsequent monsoon seasons because of the presence of extensive
slope cracks (Petley et al., 2006).

Muzaffarabad receives heavy rain during monsoon season each year. Fig.3a) shows the monthly rainfall
patterns at Muzaffarabad station and number of landslides in District Muzaffarabad AJK, Pakistan from 2004—
2008. Precipitation data were obtained from the Pakistan metrological Department, Lahore office and landslide
data were taken from the planning and development department, AJK. It is shown that the monsoon season
starts from June and ends at the end of August (heavy rainfall occurs with monthly extremes of up to 620 mm).
In September, rainfall declines, and by November conditions are dry, with minimal rainfall of 30 mm/month.
January to May is also dry months in the region.

Fig.3b) shows the data of the number of landslides per month from 2004—2008. The data shows that even

before the 2005 Kashmir earthquake, there were many landslides during the monsoon season of the year 2004.
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After Kashmir earthquake in October 2005, numbers of landslides were drastically increased during the
monsoon seasons of years 2006, 2007, and 2008 as described by Riaz et al. (2019); Saba et al. (2010); Konagai
et al. (2009); Rahman et al. (2014) in their studies.

Extensive fissuring in the valley slopes together with the freshly mobilized landslide debris constitutes a
potential hazard in the coming snowmelt and monsoon seasons. Pore water pressure can easily rise in this debris
and result in a massive landslide during the following monsoon seasons (Konagai et al., 2009; Sato et al., 2007,
Schneider, 2009, Owen et al., 2008).0Osanai et al. (2009) conducted a statistical study on 19035 cases of
landslides between 1972 and 2007 in Japan. They reported that 93% of those landslides were caused by heavy
rainfall. Therefore, the demand for early warning methods and rainfall-induced failure and post-failure
mechanisms against landslides is on rising in every country. Two active landslides (Ghori and Dhanni
landslides) are selected for this study because the present trends of prioritizing natural disasters in Pakistan
shows the landslide occurrences along the major highways, especially the route mentioned above is given much
importance. It is due to higher economic loss as well as a more significant number of people affected, especially
due to traffic disruption, during an event of roadside failure. These landslides were trigerred during the monsoon
of 2006 followed by flood in AJK on 28 July 2006 which obliterated four houses and six shops in a village
close to Muzaffarabad alongwith 12 temporary shelters in the nearby village were also flattened (Planning and
Development Department, AJK). The Neelum Valley Road winding through the mountainous region in
northeast of Muzaffarabad is blocked for traffic for more than a week, with long patches having been wiped out
by rains. These landslides were triggered during torrential rains and flood, so there was a need to explore the
failure mechanism of these landslides due to wetting induced deformations. Evaluation of the wetting-induced
deformation of a slope or foundation is crucial because the results are used to calculate the magnitude of the
corresponding ultimate bearing capacity or to determine appropriate deformation control methods.

Wetting-induced deformation can generate deep cracks that significantly weaken the structure (Albrecht
and Benson 2001; DeCarlo and Shokri 2014). Subsequently, these cracks may generate water leakage channels
and threaten the safety of the structure (Tang et al. 2016). There are many factors that significantly influence

the deformation induced by wetting such as soil type, ratio of wetting, initial matric suction, degree of saturation,
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dry unit weight, and stress condition (Miller et al. 2001; Lim and Miller 2004; Prakoso 2013; Elsharief et al.
2016; and Zheng et al. 2017). There are numerous studies concerning the influence of wetting on stress-strain
behavior of unsaturated soils (Jennings et al. 1962; Kato et al. 2000; Ferber et al. 2008; AiroFarulla et al. 2010;
Sun et al. 2007; and Bishop 1961). The majority of these works have been executed through oedometer
apparatus. However, the application of this apparatus presents certain limitations concerning, stress and strain
boundary conditions. For removing the limitations as mentioned above, triaxial apparatus has been used by
some authors such as Anderson and Sitar (1995), Sun et al. (2007), and Meilani et al. (2005). The effect of
different factors affecting the wetting and deformation of soils such as stress path, density, drainage conditions
can be studied by triaxial apparatus. An important issue corresponding to the majority of practical geotechnical
problems is the wetting of unsaturated soils in natural slopes under a constant deviatoric stress state and wetting—
induced volumetric deformation during the time. This aspect is the aim of the present work. Therefore, in this
study, the effects of water infiltration on the deformation of two kinds of soils collected from actual landslide
sites were investigated at different deviatoric stress ratios under the anisotropic stress state and at same initial
relative density through a series of consolidated drained (CD) triaxial tests. The results on the effect of stress
ratio on the volumetric and distortional behavior due to wetting are also presented.

GEOLOGY OF THE STUDY AREA

The study area lies in the Murree Formation (Fig.4). The Murree Formation covering the 52% of the Kashmir
region, is comprised of Miocene interbedded sandstones, siltstones, claystone and shales and host majority of
the rain-induced landslides (50% — Sato et al., 2007; 63% — Kamp et al., 2008; 65% — Ray et al., 2009; 57% —
Peduzzi, 2010 and 67.4% — Basharat et al., 2014). The high concentration of landslides on Murree Formation
can partly be also attributed to the anthropogenic activities (roads), larger spatial coverage, Torrential rains and
floods during monsoon season. The area underlain by the Murree Formation is also declared and observed as

the most susceptible to the future landslide (Guzzetti et al., 1999).

LANDSLIDE MAPPING

Three field visits were carried out for detail landslide mapping and soil sample collection. The first field visit
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was carried out in May 2016 for reconnaissance survey and to identify the active landslides along the Neelum
road from the information given by the Planning and Development Department, Azad Jammu and Kashmir
(AJK). Field mapping included scarp and body of the landslide. During the field visit, it was observed that
Ghori and Dhanni landslides are the large-scale landslides that caused the road blockage for the continuity of
the traffic along this road every monsoon season. The second field visit was carried out in September 2016 to
document the landslides in detail. Moreover, the construction of longitudinal and cross profiles was performed.
The third field visit was carried out in March 2017 for collecting soil samples for laboratory testing. Global
Positioning System (GPS), Laser Distance Meter, clinometer, Brunton compass, and tape measurement were
used during field investigation. Landslide photographs have been taken to document the landslide features.

Ghori and Dhanni landslides have been mapped on scale 1: 1500 and 1: 5000 respectively as shown in
Fig.5(a,b). The distinct lithological units have been identified and mapped. The lithological units and geological
formations have also been presented on the maps with bedding attitude where available. Brunton compass was
used to measure the attitude of beds. The landslide segments have been demarcated by taking GPS points in the
field. The length and width of landslides was measured using Laser distance meter (Reigl-F-21 H) with accuracy
of 15cm. The slope angle was measured by using clinometer. The field observations regarding landslides were
also noted, during the field survey.

Longitudinal and cross profiles have been prepared by using the field data taken by laser distance meter
shown in Fig. 5(c,d). The profiles show the initiation of movement and the debris material exposed along the
longitudinal and cross sections of the landslide. These longitudinal and cross profile have been used to
understand the intact mass and the transported material along the landslide surface. The volume of landslides
was roughly estimated by multiplying the landslide area with the average thickness. The thickness of the deposit
was observed during field investigation and calculated from the construction of longitudinal and cross profiles.
The total surface area and deposit area of landslides have been calculated using ArcGIS software after mapping.

Ghori landslide is located approximately 15 km in the north of the capital city of the Muzaffarabad along
the main Neelum Valley road, AJK. It is bounded by longitude 73° 30" 42" to 73° 30’ 54" N and latitudes 34°

26' 44" to 34° 26' 52"E (Fig 4a). The landslide occurs in the Miocene Murree Formation. The Murree Formation
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consists of interbedded sandstone, siltstone, shale, and clays. The lithostratigraphic units exposed at the locality
of the landslide are sandstone, siltstone, and shales of Murree Formation. The strike of the sandstone bed is
trending from NE to SW and dipping in SE direction. Dip angle ranges from 40-50°. The main body of the
landslide contains mainly shale fragments with abundant gravel, pebble and cobble fractions of sandstone.

The material of landslide moved from the source area and traveled towards the valley floor. However, the
debris material remained deposited in the middle and lower part of the main slide. In the middle portion of the
slide just along the road and below the road, the sandstone and siltstone exposures are present within the debris
material. The bedrock of sandstone is exposed on the road cut and also below the road. The thickness of debris
material is about 3-4 m. The total surface area of the landslide is calculated about 26082 m? (Table 1).The
elevation measured from top to toe is 120 m. The landslide was initiated at the elevation about 840 m above sea
level (asl) and traveled towards the Neelum River.

Dhanni landslide is located approximately 10 km in the south of district Neelum, along the main Neelum
Valley road, AJK. It is bounded by longitude 73° 41’ 35" to 73° 42’ 15" N and latitudes 34° 24' 45" to 34° 25’
10"E (Fig.4b). The landslide also occurs in the Miocene Murree Formation. The strike of the sandstone bed is
trending from NE to SW and dipping in SE direction. Dip angle ranges from 35-40°. There was multiple
drainage channels developed in the main body of the landslide. The Neelum Road is located at about 180m
from the river. The length of the landslide is about 850m. In the middle portion of the slide just along the road
and below the road, the sandstone and siltstone exposures are present within the debris material. The bedrock
of sandstone is exposed on the road cut and also below the road. The thickness of debris material is about 8-10
m. The total surface area of the landslide is calculated about 567735 m? (Table 1).The elevation measured from
top to toe is 630 m. The landslide was initiated at the elevation about 1550 m asl and traveled towards the
Neelum River. Tension cracks (Fig 2d) with 1-2 meter in length were found on the scarp and the main body of
the landslides which might be the initiation for the future landslides.

MATERIALS AND METHODS
a) Soil samples

Two samples were collected from the main body of the landslides above the Neelum valley road (Fig.4a and
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4b), about 10 kilograms each and were packed in airtight plastic bags. The samples were transported to Japan
for laboratory testing.

Grain size distribution of the soil samples derived from the landslide sites are shown in Fig. 6. For the
triaxial tests, we used a cylindrical specimen of 50 mm in diameter and 100 mm in height. In order to achieve
the sufficient reproducibility of the tests, we sieved the sample so that the maximum particle size becomes less
than 1/20 of the size of the specimen. For this, the particle size distribution is set to pass through sieve no. 10
(the particle diameter of 2.00 mm). Dhanni landslide specimen after sieving has specific gravity of soil particles,
G, of 2.71, maximum specific volume, vy,ax, of 1.79, minimum specific volume, v;, , of 1.45, mean grain
size, D5y, of 0.74mm, uniformity coefficient, U., of 6.50. Dhanni soil specimen has 5.0 % fine fraction
consisting of non-plastic particles. Ghori landslide specimen has specific gravity, G, of 2.65, maximum specific
volume, V.4, of 1.72, minimum specific volume, v,,;, ,of 1.33, mean grain size,Ds, , of 0.7mm, uniformity
coefficient, U,, of 4.0. Ghori soil specimen has 3.0 % fine fraction and is a non-plastic material. The physical
properties and grain size accumulation curve are summarized in Table 2 and Figure 6, respectively.

All the tests were conducted on re-compacted specimens with the initial relative density of 90 % for both
specimens from two landslide sites (the initial dry density of 1.93 g/cm? for the sample from Ghori landslide
and 1.89 g/cm?® for the sample from Dhanni landslide).

b) Testing apparatus

The test apparatus used in this study consists of a double-walled triaxial cell, an axial loading device, pore-air,
and cell pressure and volume change measuring devices, and a computer program for controlling test sequence
and recording data, as shown in Figure 7.

The axial displacement is measured externally by an LVDT (Linear Variable Displacement Transducer).
The overall volume change of the sample is measured by the double-cell technique. The double cylinder system
in the triaxial apparatus consists of an inner cell (Fig. 7) coaxial to the sample and filled with water. The
variations in the level of water in the inner cell can be used to obtain the volume change of the sample. The
system can apply deviatoric stress in strain-controlled condition, and it is measured by the load cell with the

capacity of 5 kN located above the top cap (Fig. 7, Fig.8a). In the wetting stage of the soil sample, carbon
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dioxide (CO;) was first passed from the bottom to the top of the sample. The sample was then saturated by
sending de-aired water under a small hydraulic head difference.
¢) Measurement and arrangement of the results
Axial strain, €,, volumetric strain, €,,, axial stress, g, and radial stress,o; ,are measured during the experiment.
Considering the axisymmetric stress condition in the triaxial tests, other variables are calculated using the
measured variables as follows.

Mean effective stress is given as:

o, + 20,
3 3
where 0'is the effective stress tensor. Deviator stress q is given as:

q =\/;s:s=\];(o' —p’l):(o’—p’l)

where s(= ¢’ — p'1) is deviator stress tensor and 1 is a unit second order tensor. Stress ratio is given as follows.

n=-—
p

Meanwhile, volumetric strain is defined as:
€, = tre = ¢, + 2¢,

where €, is radial strain. Thus, radial strain, €, is obtained by:

€ . . .
where e (= €— ?" 1>1s deviator strain tensor.

d) Testing procedure
First, fixing the pedestal to the base plate of the triaxial cell, a 0.3 mm thick rubber membrane was set to the

circumference of the pedestal by O-rings. The membrane was then stretched with the help of the split mold by
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giving a suction pressure of 10 kPa, and the specimen was prepared on the top of the porous stone by the method
of dry tamping in six equal layers. Then set the position of loading ram to the loading head precisely and tightens
the rubber membrane with the loading piston and increased the suction pressure to 25 kPa. At this stage, sample
preparation was completed.

Isotropic consolidation had been performed as an initial stage of the consolidated drained triaxial tests, and
stepwise increase in mean effective stress had been applied from 25 kPa to 400 kPa. The peak deviator
stress,@max, Of the material derived from each landslide was obtained by the drained, monotonic shearing test
on a dry specimen. The monotonic shearing has performed up to 25% of the total axial strain is achieved. As
all other tests were conducted on the sample with the same initial density, the stress—strain behavior before
soaking (isotropic compression and shearing under dried condition) of the tests for each material looked to be
almost identical and sufficiently high reproducibility could be achieved. In total, six tests were performed on
Ghori slide sample and five tests on Dhanni slide sample, for which we varied deviatoric stress, g, during water
infiltration stage. The inner cell shown in Fig. 8 was filled with distilled, de-aired water and the outer cell was
filled with distilled water. The test is focused on the volumetric compression during compression, shearing and
water infiltration stages during the triaxial test. The volumetric strain is detected by measuring the change of
the water level inside the inner cell during the experiment. Furthermore, with a constant loading rate of 0.5
cm/min, the shear process performed under mean effective stress constant (p' constant).

In the Himalayan region, slopes remain in a relatively dried state most of the time during the year, but
landslides usually occur in shallow vadose zones due to heavy rainfall during monsoon season (June-August)
as shown in Fig. 3(b). To simulate such process, the dry samples were saturated under different stress conditions
without any particular change in pore pressure. CO, was first passed through the specimen slowly for 30 min to
remove any air from the voids, after which de-aired water was permeated very slowly through the specimen for
24 hours by applying a total water head difference, 41, of around 20 cm. Water was infiltrated into the specimen
at 0, 22, 33, 44, 77, and 88 % of the maximum deviatoric stress of each specimen, which corresponds a stress
ratio,n, of 0.0, 0.4, 0.6, 0.8, 1.4 and 1.6, respectively. Throughout the entire testing process, the samples were

allowed to drain freely. The soil specimen weighed at the beginning and end of each test to calculate the final
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moisture content for each test.

RESULTS AND DISCUSSIONS

Fig.9 and 10 show the results of CD triaxial tests on the soil samples from Ghori and Dhanni, respectively. As
the same initial relative density is achieved for all the cases, all stress—strain curves traced an identical isotropic
compression curve and exhibited a very similar shearing behavior before reaching a prescribed stress ratio as
shown in Fig.9 (b) and Fig.10 (b).

Fig.9 (b) and Fig.10 (b) illustrated the relationship between deviatoric stress and axial strain for the unsaturated
compacted soil specimen and the specimens with water infiltration for Ghori and Dhanni landslides. The
maximum deviatoric stress for each sample was obtained from the monotonic shearing test on dried sample,
respectively. The stress-strain relationships due to shearing and water infiltration under mean principal stress
constant (p) are shown in figures and the relationships of all the specimens are almost identical and this reveals
high reproducibility of the tests. The specimen exhibited hardening behavior with negative dilation in the

beginning and showed very slight softening with slight dilation.

The figures (9b and 10b) are showing the characteristics of monotonic shear and water infiltration under mean
principal stress (p') constant. The axial strain (&) of Ghori landslide specimen during monotonic shear is
reached to 2.46, 2.68, 3.69, 5.54, and 7.16% subjected to g= 160, 240, 320, 560, and 640 kPa, respectively,
while the axial strain of Dhanni landslide specimen is reached of 3.43, 3.89, 4.75 and 7.75% respectively before
water infiltration. The axial strain was increased simultaneously during isotropic compression and shearing
stage, but it increased rapidly immediately after water infiltration and then gradually slows down and take about
20-22 hours (average for each test) to become stationary after wetting. It is also observed that the axial strain
of Ghori landslide specimen is lower than Dhanni landslide specimen in each case subject to the same deviatoric
stress (g).The sample preparation and testing conditions are the same for both the specimens except the initial
dry density. Dhanni landslide has less dry density as compared to Ghori landslide. It can be said that for the
same deviatoric stress state under which wetting process occurs, lower values of density leads to the more
substantial strain or failure of soil.

For all the cases, by keeping the deviatoric stress constant at different stress levels (stress ratio of 0.0, 0.4,
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0.6, 0.8, 1.4, 1.6), axial strain was increased due to water infiltration by an amount of 1.89, 3.11, 5.05, 7.31,
7.85, 12.31% respectively for Ghori landslide and 2.63, 3.89, 6.08, 7.34, 14.61% respectively for Dhanni
landslide. Therefore, it is revealed that the wetting axial strain increases for both the samples with the increase
in deviator stress ratio at wetting for the same confining stress. In the case of stress ratio of n=0.0, water
infiltration was carried right after isotropic consolidation at constant zero deviatoric stress. Therefore, a
decidedly less axial strain was produced shown by the black color line in Fig.9 (b) and Fig.10 (b). The increase
in the axial strain without further application of shear stress results in deformation of soil. Therefore, it can be
said that deformation of soil should be considered while analyzing the soil behavior due to water infiltration.

In Figures 9 and 10, section (c) and (d) showed the relationship of specific volume with mean effective
stress and axial strain for the samples from Ghori and Dhanni landslides, respectively. Isotropic compression
was first applied, and triaxial compression test was performed under drained-air condition viz keeping mean
effective stress constant after the deviator stress reached a prescribed value. The figures show that both
specimens had undergone various degree of softening due to wetting at different stress levels under p and ¢
keeps constant. Furthermore, during isotropic compression, monotonic shear and water infiltration phase, the
increase of axial strain leads to the decrease of the specific volume. The initial specific volumes of the specimens
varied around 0.03-0.04 (Dhanni specimens varied up to around 0.05) and the compression lines are almost
linear and parallel to each other. This clearly shows that the samples had almost same initial density and the
reproducibility of the tests is quite sufficient.

In Figures 9 and 10, section (e) illustrated the changes of the volumetric strain with axial strain for the
isotropic compression, shearing, and water infiltration stage of Ghori and Dhanni landslides. Axial and lateral
deformations have been produced during the wetting phase; however, contracting volumetric deformation is
considerable due to the lateral expansion of the specimen as shown in Fig. 8 (b).These results indicate that the
soil specimen before water infiltration displays the behavior as that the soil behavior in non-infiltration tests.
After water infiltration, the soil goes into a plastic state. The change in volume of the specimen in case of
infiltration test under constant deviatoric stress depends on deviatoric stress level; the volume increases with

increase in stress ratio, 7, i.e., 0.0, 0.4, 0.6, 0.8, 1.4, and 1.6 for each specimen. It was also observed that volume



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

increases with an increase in axial strain level and specimen did not follow the same path after infiltration. The
volume increase continues, and all specimens followed the parallel paths after water infiltration as shown in
Fig. 9 (e) and Fig.10 (e) for Ghori and Dhanni landslides respectively. It has pointed out that the behavior of
both the specimen during initial compression was isotropic as the ratio of both strains was satisfied (& = 3 &),
while anisotropic behavior occurred during water infiltration since the softening behavior appeared during
wetting. Infiltration of water into the sample was applied vis keeping deviator stress constant. All the samples
showed volumetric compression as shown in figures (9¢) and (10e). In Figures, the slope of 3 means the
isotropic compression of the sample (as axial strain increment is equal to radial strain increment): the soil sample
exhibited isotropic compression under isotropic stress condition; the axial strain slope becomes smaller under
higher deviator stress level and the soil exhibits distortional behavior under anisotropic compression. The
wetting-induced deformation becomes anisotropic and the distortional strain generated due to wetting becomes
more significant under higher deviator stress. So the soil exhibits compressive-distortional behavior under

higher deviator stress, which corresponds to the failure behavior of the soil in steeper slope.

On the other hand, soil behavior during the wetting process at higher deviatoric stress state is a viscous
Behavior. For example, the volumetric behavior of soil in Fig.10 (e) at 0.8qmax (shown by the blue line) and
1.4gmax (shown by the green line) indicates the collapse of soil faster at 1.4¢uax than the 0.8¢max. Considering
volumetric behavior of specimens during water infiltration shown in Figures 9 and 10, we can say that
deformation of soil due to water infiltration is a critical phenomenon, even if the soil is not failed, significant
deformations are observed due to water infiltration.

Fig. 11 (a) illustrates the variation of wetting axial (de,) and wetting radial strains (de;) with different stress
ratios (1) for Ghori and Dhanni landslides. Wetting axial and radial strains are the variation in the strains during
water infiltration. It is evident that by keeping the deviator stress constant, wetting-induced deformations of
both soils is almost isotropic under isotropic stress condition, while incremental axial strain increases and radial
strain decreases with the increase in the stress ratio. Both incremental axial and radial strains due to wetting

become more significant under higher stress ratio for both the samples.
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Fig. 11 (b) depicts the variation in wetting volumetric strain (de,) with different stress ratios. It is clearly
shown that wetting induced deformations of both soils were compressive. The volume change slightly increases

with the increase in stress ratio at the beginning for both specimens but not much different.

The effect of stress ratio on the wetting induced distortional behavior of Ghori and Dhanni landslide
specimens is shown in Figure 11 (c). The figure shows that wetting caused significant distortional deformation
under higher stress ratio, which implies significant shearing deformation is expected to occur under anisotropic
stress state such as in ground near the steep slope.

CONCLUSIONS

The response of two kinds of the samples derived from two actual landslide sites in Kashmir, Pakistan, has been
investigated through a series of laboratory element tests. The soil samples were initially dry condition, and the
anisotropic stress states that are assumed in the stress condition in the slope were applied by shearing the
samples under drained-air condition. The soils were then subjected to water infiltration under various levels of
constant deviatoric stress to model the wetting of the ground due to rainfall. Some conclusion can be drawn
from the study a as follows,

1. Wetting cause significant deformation regardless of the stress condition even effective stress remains
constant.

2.  Wetting—induced deformation under isotropic stress conditions significantly compressive, but the
deformation was almost isotropic. Thus, soil exhibits significant compression but never fails under
isotropic stress state.

3. Wetting—induced deformation under anisotropic stress condition is both compressive and distortional.
Under higher deviator stress, magnitudes of incremental deviatoric strain becomes much larger while
those of volumetric compression become slightly larger.

4. Practical meaning and significance of the results can be summarized as follows: Significant volumetric
compression of soil due to water infiltration is a critical phenomenon regardless of the stress state. The
experimental results reveal the mechanism of the slope failure. Even without significant change in

effective stress, rainfall or rise in groundwater level will wet the ground; the wetting of the ground
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affects the mechanical behavior of soil, and this cause significant deformation and failure of slopes in
the actual field. Especially in steeper slope, stress state tends to be anisotropic and stress ratio tends to

be higher, which results in higher risk in slope failure.
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