| Technical Note

Landslides (2019) 16:2017-2032
DOI 10.1007/510346-019-01216-5
Received: 7 February 2019
Accepted: 29 May 2019

Published online: 22 June 2019

© Springer-Verlag GmbH Germany
part of Springer Nature 2019

Abstract The territory of Azad Jammu and Kashmir (AJK) is vul-
nerable to different natural hazards because of its proximity to a geo-
dynamically active zone and its tropical and monsoonal climatic
pattern. Both factors operate in various combinations and result in
the occurrence of disasters generated by natural hazards like floods,
earthquakes, and landslides at different intervals. There are numer-
ous landslides in the study area, out of which the Donga Kass
landslide has been selected for study due to its ongoing activity
which poses a significant risk to the nearby community and infra-
structure. Therefore, assessment of two possible triggering factors
(i.e., earthquake and rainfall) for this landslide was conducted
through the laboratory testing using the DPRI-5 Ring shear simula-
tor. Undrained cyclic loading tests were performed to simulate the
dynamic loading and earthquake-induced landslides, while pore
pressure control tests simulated the rise of groundwater level during
rainfall for rainfall-induced landslides. Based on the laboratory test
results, a critical seismic acceleration and a critical pore pressure
ratio are suggested for Donga Kass landslide. Using these values and
combining with rainfall data and monitored pore water pressure in
bore holes, early warning system can be activated to reduce any
potential landslide risk in the future.

Keywords Donga Kass landslide - 2005 Kashmir
earthquake - Cyclic ring shear test - Pore pressure control test

Introduction
Landslides can be considered a symptom of fragility, either natural
or human-induced. A small seismic shock in a sensitive moun-
tainous system can cause a landslide (Hufschmidt et al. 2005). The
2005 Kashmir earthquake (M =7.6) was among the worst ever
event to hit the region of AJK, Pakistan. The geographical location
of Pakistan and Muzaffarabad is shown in Fig. 1a, b, respectively.
In the case of AJK, a highly seismotectonic system received a great
shock resulting in massive landslide damage. According to Earth-
quake Reconstruction and Rehabilitation Authority (EERA 2005),
official death toll as of November 2005 stood at 87,350 out of which
26,500 fatalities were directly or indirectly related to landslides.
Over time, a steady state will be reached once all active landslides
reached to equilibrium stage through a reduction of slope angle or
by exhausting all susceptible material (Hufschmidt et al. 2005;
Petley et al. 2006). In the meantime, areas with cracks and active
landslides will continue to pose a significant risk to communities.
Khattak et al. (2010) have surveyed the entire AJK and reported
that all landslides are located near rivers and roads. It is estimated
that almost all landmass of AJK is vulnerable to rainfall and earth-
quakes of different magnitudes which among other factors like
deforestation, road construction etc. cause landslides on slopes.
According to a study conducted by the Forestry Resource Depart-
ment in AJK on existing damage, about 85% of landslides, upon
failure, will have a direct impact on the infrastructure such as roads,
electricity supply lines, houses, and rural pathways leading to vil-
lages. There are numerous landslides in the study area such as
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Panjgran, Ghori, Dhanni, Sandok, and Shahkot Landslides that are
some of the major landslides in terms of size and susceptibility.

These landslides are frequently triggered by rainfall especially
in the monsoon season which not only result in road closure and
damage to private and public property but also loss of invaluable
human lives. Muzaffarabad receives heavy rainfall during the
monsoon season each year. The average rainfall for the
Muzaffarabad is 1395 mm/year (average value from 2000 to
2017), with 30-60% in the form of snowfall during December-
February, usually in the areas with an elevation more than 2000 m
(AJK Planning and Development Department Report 2015).
Figure 2a shows the annual rainfall patterns at Muzaffarabad
station and cumulative number of landslides in District
Muzaffarabad AJK, Pakistan from 2000 to 2017.

Precipitation data was obtained from the Pakistan metrological
department, Lahore office, and landslide data was taken from the
planning and development department, AJK. Figure 2b depicts the
monthly rainfall patterns at Muzaffarabad station and number of land-
slides during monsoon season and dry season in District Muzaffarabad
AJK, Pakistan from 2004 to 2008. It is shown that the monsoon season
starts from July 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.

The data shown in the Fig. 2a, b depicts that even before the 2005
Kashmir earthquake, there were many landslides during the monsoon
season of the year 2004. During Kashmir earthquake in October 2005
(Fig. 2a), a number of landslides were triggered during the earthquake
despite the fact that earthquake was hit the region in the dry season
and subsequently drastically increased during the upcoming monsoon
seasons of years 2006, 2007, and 2008 which is also described by Saba
et al. (2010) and Konagai and Sattar (2011) in their studies. Out of those
landslides, Donga Kass landslide was selected for study due to its
ongoing activity and impact on the infrastructures (ie., the Neelum
road and the Donga Kass bridge which is the only link to a nearby
village and it had been adversely affected by the event of landslide
activation, see Fig. 4e, f and also often blocked the pathway to the
adjacent village). The risk of landslide in the study area had been
recognized by landslide susceptibility maps by the government of AJK
and also by some researchers after the 2005 earthquake; however,
detailed study to fully understand the possible initiation and move-
ment mechanisms of the landslides in this area has not been under-
taken; hence, there was a need to assess the landslide risk in this area
based on the detailed field and laboratory investigation. To elevate our
precision in the risk assessment, this experimental study for the
catastrophic landslide in Northern Pakistan is unique and provides
basic information from the geotechnical point of view.

Study area

The Donga Kass landslide is located approximately 6 km to the north
of Muzaffarabad city along the main Neelum Valley road. The loca-
tion of the landslide is shown in Fig. 1b. It is bounded by longitude
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Fig. 1 a Geographical location of the study area (map of Muzaffarabad district digitized and modified after the map from Planning and Development department AJK
2015, Basharat et al. 2012). b The geographical location map of Pakistan. Approximately 26,500 fatalities can be directly or indirectly linked to the landslides induced
during 2005 Kashmir earthquake (Petley 2006). The economic loss was assessed to be 5.2 billion US $ (ADB and WB 2005)
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Fig. 2 a Annual rainfall characteristics at Muzaffarabad station with number of landslides triggered each year. b Monthly rainfall and number of landslides triggered each
month in District Muzaffarabad AJK, Pakistan from 2004 to 2008
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and strong gusty winds followed by flash floods. Monsoonal climate
persists in Muzaffarabad with annual precipitation of ~1500 mm.
Snow falls at altitudes of > 1500 m during winter.

The landslide was initially triggered by the October 8, 2005 (M 7.6)
Kashmir earthquake and destroyed the Neelum Valley road and
dammed the river temporarily. The landslide isolated the Kotla and
Neelum Valley areas from the rest of the state of AJK, and other parts
of Pakistan. The road remained blocked for a few weeks to vehicular
traffic. It was reactivated on July 28, 2006 and triggered by a heavy
rainstorm with 614 mm total rainfall and a maximum rate of rainfall
of 102 mm/h. The landslide obliterated four houses and six shops in
the nearby village close to Muzaffarabad, the capital of AJK and
caused the death of three people. The Neelum Valley road winding
through the mountainous region in northeast of Muzaffarabad was
also blocked for traffic for more than a week, with long patches
having been wiped out by rains.

The landslide had several episodes of reactivation in the past. The
most recent landslide activation occurred on September 25, 2016 in
which 17 people were killed and 3 were injured. The passengers were
boarding in a bus, while passing through the landslide, the landslide
activated, and debris started to flow and a big boulder dropped on
the bus, the driver could not control the bus and fell down into the
Neelum river. When the Deputy Commisioner (DC) of the Neelum
district and other officials reached at the landslide spot to help the
people, again it activated and a big boulder struck at them and DC
died at the spot and other people injured.

At present, about a 200 m section of road near Donga Kass (Fig. 3)
has been badly damaged by the landslide. An interdisciplinary ap-
proach is needed to understand and analyze the landslides, manage
risks, and to develop an early warning system in the study area.
Effective early warning systems for rainfall and earthquake-induced
landslides must have strong meteorological, hydrogeological, and
geotechnical components. Fortunately, meteorological monitoring,
forecasting, and warning are developed in the Pakistan (an annual
report is published by Planning and Development Department each

year), but the research on the hydrogeological and geotechnical
aspects of landslide early warning systems has not been done in
the region. There is a lot of literature available related to the landslide
susceptibility maps by using geospatial technology in the AJK, but
research on geotechnical aspects is very rare. So, there was a dire
need of in-depth geotechnical and geological investigation of active
landslides in the AJK to bridge this gap.

At present, there is no early warning system in the study area, the
government of AJK is in the process to develop such system and this
study can contribute as the preliminary investigation for the study
area. Rainfall thresholds can form the basis of landslide warning
systems supplemented with the geotechnical investigation (direct
observation of soil moisture and pore water pressure) it can provide
a more reliable indicator of impending slope instability than indexes
based on rainfall observations alone. This interdisciplinary approach
to assessing landslides offers policy makers a more holistic picture of
the underlying causes of landslides and an improved basis for
designing a sustainable disaster risk reduction strategy.

Keeping in view this problem, the landslide was investigated to
understand the causes and the failure mechanism. The purpose of
the laboratory tests in current study (pore pressure control tests
and cyclic stress control tests) is to investigate the most probable
triggering factor for the Donga Kass landslide. It did not expect to
solve the problems in the study area only by providing these test
results, but this study can elevate the understanding on the land-
slide phenomena at the Donga Kass landslide.

Geological and tectonic characteristics of the donga Kass landslide

The Donga Kass landslide (Fig. 3) occurs in the Eocene Kuldana
Formation. The Kuldana Formation consists of variegated shale,
siltstone, sandstone, and highly fossiliferrous limestone lenses.
The litho-stratigraphic units exposed at the locality of the land-
slide are shale and sandstone of the Kuldana Formation. The main
lithological unit is composed of maroon splintery shale which is
interbedded with thin beds of sandstone. The strike of the

Fig. 3 Overview of the Donga Kass landslide
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sandstone bed is trending from SW to NE and dipping in SE
direction. The dip angle ranges from 70 to 80°. The main body
of the landslide contains mainly shale fragments with abundant
gravel, pebble, and cobble fractions of sandstone.

The study area lies in the Himalayan fold and thrust belt (Hazara
Kashmir Syntax) which is seismically active region. The intense
seismicity and active faults are well known in Himalayas (Basharat
et al. 2017; Hussain et al. 2004). The Muzaffarabad Fault and the
related active hanging wall anticline are the result of active deforma-
tion (Baig et al. 2008). This tectonic deformation caused uplift of the
hanging wall block during many earthquakes and produced a signif-
icant fault scarp morphology, steep slopes, and a topographic front
(Baig et al. 2008; Kaneda et al. 2008). The hanging wall block is highly
fractured and jointed. Consequently, the brittle shear zone along the
fault varies from 500 to 1000 m distance (Basharat et al. 2017).

Field investigation and landslide mapping

Three field visits were carried out for detail landslide mapping
and soil samples collection. The first field visit 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 investigation was carried out to un-
derstand the relationship between lithology, initiation of land-
slide, travel path, deposited area, and mapping of the scarp and
body of the landslide. During the field visit, it was observed that
Donga Kass landslide has tension cracks, fractures, and multiple
secondary scarps (see Fig. 4) which can be reactivated in the
future. The second field visit was carried out in September 2016
to document the landslides in detail. Moreover, the construction
of the longitudinal and cross profiles was developed. The third
field visit was carried out in March 2017 to collect the soil
samples for laboratory testing. Global Positioning System
(GPS), Laser Distance Meter, clinometer, Brunton compass,
and tape measurement were used during the field investigation.
Landslide photographs have been taken to document the land-
slide features.

Donga Kass landslide was mapped on scale 1:1200. The distinct
lithological units have been identified and mapped. The litholog-
ical 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 were measured using Laser distance meter
(Reigl-F-21 H) with an accuracy of +15 cm. 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. 4c, 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 mul-
tiplying the landslide area with the average thickness. The thick-
ness 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.
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The debris material moves from the source area and travels
towards the valley floor. However, a large amount of debris mate-
rial remains deposited at 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 exposures are present within the
debris material. The bedrock sandstone, which is highly jointed
and cracked with thick accumulated debris above, is exposed in
the road cut. Thick to massive beds of shale are also exposed on
both right and left flanks with two distinct beds of sandstone
pinched between them. The right side of the slide is dominated
by surficial material and sloping towards the valley. During field
investigation, it was observed that big boulders had accumulated
in the upper and middle parts of the slide. The thickness of debris
material is greater below the road due to the dumping of material
in the process of clearing the road from the sliding material. The
area of the slide enlarges towards both flanks and towards the
lower ends of the main body. Total surface area of the landslide
was calculated to be about 26,500 m* (Fig. 5a). The elevation
measured from top to toe is about 185 m and the landslide traveled
the distance of 350 m towards the Neelum River. The total volume
is about 0.16 million m® estimated by multiplying the average
thickness with the covered area.

The landslide was initiated at the elevation about 935 m asl
(above sea level) and traveled towards the Neelum River (Fig. 3a).
The main scarp is the top most detached edge of the landslide
from the original undisturbed ground surface. It developed by the
failure of the softer shale material along the slope. The length of
the main scarp varies along the circumference of the scarp.

Three sets of concentric cracks about 15 cm to 1.5 m wide and up to
1 m deep were observed above the landslide which extends 50 m above
the top of the main scarp (Fig. 4b). The slope failure has damaged the
agricultural terrace above the scarp (Fig. 4c). The affected area of the
crown was measured at about 100 m long and 50 m wide. At the lower
part of scarp near the main body of the slide, a sandstone bed (Fig. 4d)
is exposed which pinches out in the shale bed towards the top. The
head scarp of the landslide is nearly inclined (50-60°) with vertical
height of 15-20 m. Similar to the head scarp, the left and right flank of
the landslide is characterized by a steep slope and high cliff.

This landslide was triggered during the 2005 Kashmir earth-
quake and was reactivated in monsoon season of 2006, and the
road was washed away into the Neelum river alongwith debris.
After that, a retaining wall was constructed as a countermeasure
and road was rebuilt. This landslide again reactivated during the
monsoons of 2010, 2013, and 2016 and damaged the road; then,
concrete was used to strengthen the existing road. The counter-
measures were, however, ineffective. The retaining wall was ob-
served to be tilting, with a displacement of about 5-10 cm, and
there were many cracks on the road and concrete pavement,
deformation, and subsidence was also observed on the road. The
strata in the studied area are mainly bedded sandstone and shale.
The slip surface of the landslide has the tendency to parallel the
bedding plane within beds or lenses of shale.

Field observation showed that below the weathering crust
about 1-5 m thick, on the upper sedimentary rocks layer,
there are lot of vertical joints (fractures) and tilting trees
(Fig. 4a, b). These fractures allow water and surface moisture
to penetrate the rock and weaken sandstone, siltstone, and
the shale layer, causing an increase in weight, reducing the
bonding strength between two layers and thus promoting



Fig. 4 a Photograph showing the landslide initiation. b Tension cracks on the crown. ¢ Agricultural land. d Exposed sandstone on the right flank. e Donga Kass bridge
before landsliding in 2006. f Blockage of Neelum road due to debris and damage of deck slab of Donga Kass bridge after landsliding

failure. Regarding most of the landslide observed, the authors
recognized that landslide was a translational type of slide and
the slip surface had been covered by debris and did not
expose, formed by displacement of sedimentary rocks over a
weaker layer (e.g., mudstone or shale layer). The particular
importance was the presence of shale layers within a landslide
between sedimentary rocks (sandstone, siltstone) as shown in
Fig. 5a, d. These can be some controlling factors (i.e., steep
slope, presence of clayey material, construction of the Neelum
road, and river under cutting along with rainfall and tectonic
activity) causing landslides in the study area.

Depletion zone

The depletion zone of the landslide is defined as the area of landslide
covered by the displaced material which lies below the main scarp as
shown in Fig. 5b. The depletion zone of the Donga Kass landslide is
85-135 m wide and 55-95 m long. The rock mass in the source area
consists of thick shale and fractured sandstone at the top. The
displaced material forms an overhanging topography at various
locations due to the presence of relatively competent sandstone beds
beneath. The thick deposit of unconsolidated material along the
traveling path increased the landslide volume. The material depos-
ited in the depletion zone is finer than that in the transitional zone.
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Transition zone

The middle portion of the landslide body is the transition zone. It
covers the major portion of the landslide. It lies between the
depletion zone and depositional zone (Fig. 5b). The material is
deteriorated from the depletion zone and deposited in this zone.
The length of the transitional zone is 50-120 m and the width of this
zone is 80-95 m. The total surface area of transition zone is about
6450 m”. The average width of this zone is less than that of the
depletion zone. The transitional zone can be divided into two seg-
ments on the basis of material and morphology. The upper portion is
clay dominated while lower part contains coarser fractions. The
slope angle measured in this zone was 30-40°. This zone can be
characterized as a sandy zone. The lower zone of transition is above
the depositional zone which is a coarser material zone. At this
segment, fractured and crushed gray color sandstone is exposed.

Deposition zone

The zone of accumulation is the last zone (shown in Fig. sb) where
a major portion of the material is deposited. The accumulation
zone of the landslide is 65-135 m long and 95-145 m wide. The total
surface area of this zone is 10,500 m? It consists mainly of sand-
stone boulders with some fine material having been eroded by the
Neelum river. The size of the soil particles is variable, and they
range from sandstone boulders to fine clays. The proportion of
boulders is greater than the debris material. The toe area mainly
consists of sandstone boulders with some coarse soil fractions as
the finer material was washed away by the river. The thickness of
the landslide deposit is roughly estimated to be about 6-8 m as
shown in Fig. 5¢, d. The diameter of the boulders accumulated at
toe ranges from 1 to 3 m.

Methodology

To investigate the landslide failure mechanism, five samples
from a depth of 1 m by manual drilling with an auger were
collected from the transported debris material (transition and
deposition zones of the landslide as discussed above) above the
Neelum valley road (Fig. 5a). Each sample was weighed 10 kg

Table 1 Physical properties of the collected samples

and was packed in airtight plastic bag. These samples were
transported to University of Engineering and Technology La-
hore to determine the index properties (Table 1) and grain size
distribution curves (shown in Fig. 6). The figure shows that
curves for all the samples are almost identical and index prop-
erties are also close to each other. Only one sample S1, weighed
10 kg, was transported to Japan for laboratory testing due to the
limitation of weight from the custom and immigrations depart-
ments of Pakistan and Japan. The particle size distribution is set
to pass through ASTM sieve no. 10 (the particles size diameter
2.00 mm). Donga Kass specimen (S1) has specific gravity of soil
particles G, =2.65, maximum dry density Pgmax=2.05 g/cm’,
minimum dry density pgmi, =1.55 g/cm’, mean grain size
Ds, = 0.47 mm, and uniformity coefficient U. = 7.15. Donga Kass
soil specimen has 4% fine fraction and is a non-plastic material.
Ring shear tests were performed on the collected sample by
using the landslide Ring shear simulator (DPRI-5) at the Disas-
ter Prevention Research Institute (DPRI), Kyoto University. The
ring-shear apparatus was designed initially to investigate the
residual shear resistance mobilized along the sliding surface at
large shear displacements in landslides because it allows unlim-
ited deformation of the specimen. The test configuration for the
ring-shear device was introduced by Hvorslev (1939); this con-
cept was improved by Bishop et al. (1971), Bromhead (1979),
Savage and Sayed (1984), Sassa (1984), Hungr and Morgenstern
(1984), Tika (1989), and Garga and Sendano (2002).

The high-speed ring-shear apparatus (DPRI-1) developed by
Sassa (1984) and his colleagues at Disaster Prevention Research
Institute, Kyoto University used a conventional shear-speed con-
trol motor; it could not provide cyclic shear-stress loading. The
first dynamic-loading ring-shear apparatus (DPRI-3) was devel-
oped to reproduce seismic loading using a torque-control motor
and a servo-control system that utilized the feed-back signal from
a load cell that measured torque (Sassa 1994, 1996). Following
DPRI-3, a series of dynamic-loading ring-shear apparatus has been
developed that incorporated different features (DPRI-4, DPRI-5,
DPRI-6, and DPRI-7).

S1° S2 S3 S4 S5
Specific gravity, Gs 2.65 2.67 2.66 2.65 2.66
Maximum dry density, pamax (g/cm’) 2.05 - - = =
Minimum dry density, pamin (g/cm’) 1.55 = = = =
Liquid limit, LL (%) 24.92 22.98 25.81 26.85 26.34
Plastic limit, PL (%) - - 23.06 24.78 -
Plasticity Index, Pl (%) NP NP 2.74 2.02 NP
In situ moisture content (%) 8.5 10 9 1 11
Fine fraction (passing through sieve No. 200), F; (%) 4 5 5 7 6
Average particle size, Dso (mm) 0.47 0.5 0.5 0.60 0.61
Effective particle size, Do (mm) 0.095 0.09 0.11 0.095 0.10
Coefficient of uniformity (C,) 7.15 7.11 6.18 8.63 8.20
Coefficient of curvature (C,) 0.82 0.84 0.70 1.0 1.09

Sample ST was transported to Japan for laboratory testing
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Fig. 6 Grain size distribution of samples collected from Donga Kass landslide

The general purpose of the DPRI ring-shear apparatus is to
quantitatively simulate the entire process of failure of a soil sam-
ple, from initial static or dynamic loading, through shear failure,
pore-pressure changes, and possible liquefaction, to large displace-
ment, steady-state shear movement. No other laboratory appara-
tus has so far been able to provide an integrated simulation of this
natural process. The latest devices in the DPRI ring-shear series
have succeeded in this goal (Sassa et al. 2004).

Configuration and control system of ring shear apparatus

This initial landslide occurrence was geotechnically simulated
using the DPRI-5 ring-shear apparatus. The apparatus is designed
to study the mechanism of landslide motion and is sufficiently
equipped to allow the speed and stress control tests along with
measurement of a very large shear displacement (Sassa et al. 2003;
Wang and Sassa 2001).

Figure 7a, b shows a schematic diagram of the apparatus and
close half section of shear box, while Fig. 7c presents a brief
illustration of the electrical control system of DPRI-5. The appa-
ratus was installed in a pit at the DPRI Landslide laboratory with
the level of the sample box approximately 1 m above the floor for
easy access. Figure 7a illustrates concept of the ring-shear appara-
tus. Samples (disturbed) were taken from the layer where a sliding
surface can be formed in the future. Then, the sample is set in the
ring shear box including static upper half and a rotary lower half.
All stresses acting on the potential sliding surface can be
reproduced in the shear box such as normal and shear stresses
due to gravity and seismic stress due to seismic shaking as well as
generated pore-water pressures. When shear stress (static, seismic)
is high enough to trigger sample failure, the rotary lower half of the
shear box will start to turn. The annular ring-shaped sample will
be sheared on a plane of relative rotary motion.

As shown in Fig. 7b, ¢, the sample is loaded by a loading platen
through an oil piston (OP1), and the loaded normal force (for
normal stress) is measured by a load cell (N1). The sum of the
friction between the sample and the sidewall of the upper pair of
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rings in addition to the self-weight of the upper pair of rings is
measured by a load cell (N2). The actual normal force acting on
the shear surface is obtained from the difference between N1 and
N2. This value is sent to a servo-amplifier as a feed-back signal (as
shown in Fig. 7c). Then, the normal stress on the shear surface is
automatically kept the same as the control signal given by the
computer. Shear stress is supplied by a torque-controlled servo-
motor, which can be switched to a speed-controlled mode as well.
The applied torque is measured by torque transducer T1. Using the
monitored value of T1 as the feedback signal, the applied shear
stress is automatically controlled by the servo-amplifier and servo-
motor and then kept the same as the pre-determined value given
by the computer. The shear resistance acting on the shear surface
is monitored by two load cells (S1 and S2), through which the
upper shear box is restrained from rotation.

The most essential part of the undrained ring-shear appara-
tus is the undrained shear box. Its design is illustrated as Fig.
7b, an enlarged diagram of the left half of the cross section of
the undrained shear box and its surroundings, including the
water-pressure measurement system. Leakage of water through
the gap between the upper shear box and the lower shear box
was prevented by using stair-shaped rubber ring, rubber hard-
ness index, 45°JIS ((Shoaei and Sassa 1994) as shown in Fig. 7b.
In order to reduce friction and prevent water leakage, rubber
edges were sprayed with Teflon spray and coated with silicon
grease.

Testing procedure

The samples were formed by dry deposition method (as described
by Ishihara 1993). Vaid et al. (1999) performed an experimental
study and compare the behavior of truly undisturbed sand spec-
imens retrieved by in situ ground freezing method and their
corresponding reconstituted counterparts (dry deposition and
moist tamping) after consolidating to identical initial states and
found that the reconstituted specimens can be used as substitutes
for the expensive undisturbed frozen specimens for material
characterization. Another study was done by Sze and Yang (2014)
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to explore the impact of specimen preparation on the cyclic load-
ing behavior of saturated sand by cyclic triaxial tests. They found
that the soil fabric formed by dry deposition can lead to unique
failure modes different from those of moist-tamped samples.
These failure modes are hybrid in nature, characterized by a
contractive response in the form of limited flow followed by cyclic
strain hardening in the form of either cyclic mobility or plastic-
strain accumulation. The 2005 Kashmir earthquake hit the region
in the dry season, so dry deposition method was used to prepare
the samples instead of moist tamping method. Moreover, dry
deposition method can correlate soil formation history on site
(the cyclic deposition of soil layers).

The oven-dried sample was compacted in six layers to form a
specimen that was 180 mm in diameter and 115 mm in height. The
funnel tip was maintained at a minimal height of drop above the
soil surface. Tapping was then done uniformly around the periph-
ery of the mold using a rubber rod to achieve a higher density
(relative density, Dr. = 60%). The samples were saturated with the
help of carbon dioxide and de-aired water. After the sample was
packed, CO, was percolated through it to expel the air from the
sample pores. The CO, was slowly introduced into the sample
through the lower drainage line and discharged from the upper
drainage line (Fig. 7b). Usually, this process took 4-12 h. After
hours of percolation of CO,, de-aired water was infiltrated into the
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Fig. 7 (continued)

sample from the lower drainage line to expel the CO, in the sample
pores from the upper drainage line. This infiltration process was
kept at a very slow rate by using a very small water head. The degree
of saturation was checked by using Bp, value. Bp, is a pore-pressure
parameter, related to the degree of saturation in the direct-shear
state, that was proposed by Sassa (1988), and is formulated as (Bp =
Au/Ac) where Au and Ao are increments of pore pressure and
normal stress, respectively. Undrained tests were usually carried out
with Bp > 0.95. In most cases, the soil layers in which sliding surfaces
formed were weathered or fully softened. Therefore, the samples
taken from the landslide sites were normally consolidated before
the test. After checking the By value, the sample was consolidated
and the initial shear stress due to the weight of the soil mass above
the sliding surface was applied slowly to reproduce an initial stress
state same as in situ conditions.

Additional seismic shaking or pore-pressure increase corre-
sponding to rain storms was applied onto the sample in the
undrained condition, or sometimes in the naturally drained con-
dition, keeping the upper drainage valve open. Change of mobi-
lized shear resistance is measured by two load cells (S1 and S2
shown in Fig. 7c). Pore pressure, resulting shear displacement, and
shear speed were also monitored. The shear resistance mobilized
during shearing was obtained by subtracting the rubber-edge
friction from the monitored shear resistance.

Results and discussion

Pore pressure control test

The pore pressure control test was conducted to simulate the
failure and the post failure behavior corresponding to rainfall in
a naturally drained condition. This initial landslide occurrence
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was geotechnically simulated using the DPRI-5 ring-shear appara-
tus. The initial stresses on the sliding surface were reproduced in
the apparatus; then, the pore water pressure (PWP) was gradually
increased simulating the rise of ground water which would not be
rapid; thus, the undrained loading condition was not used. To
simulate drained ground-water conditions, water pressure sup-
plied to the shear box through the upper drainage valve was
gradually increased. Thus, water pressure was controlled, but the
water was free to move through the upper valve. Therefore, the
sample was subjected to a natural drained condition. If pore
pressure was generated in the shear zone during loading, it
drained naturally through the upper valve.

The hydrological triggering can be explained as the decrease in
shear strength due to an increase of pore water pressure on the
failure surface which results in a slope failure. Pore water pressure
increase may be directly related to rainfall infiltration and perco-
lation (saturation from above) or indirectly, as the result of built
up of perched water bodies or a ground water table (Terlien 1998).

During the test, the sample was first saturated and then
normally consolidated under a normal stress of 210 kPa. This
preparatory stage was to reproduce the initial stress (o-=
~Dcos*d,7 =D cos 0 sin 0) in the slope and is shown as a black
line in Fig. 8a, where D is the depth of sliding surface and 0 is
the angle of sliding surface. This initial stress corresponds to a
slope or arctan (97/210 = 25°) which is the slope of the sliding
surface of landslide. Then, to simulate the pore pressure-
induced landslide process, the pore water pressure was gradu-
ally increased at a rate of 1 kPa/s up to 210 kPa. Failure occurred
at a pore water pressure of 78 kPa (a pore water pressure ratio
ry = 78/210 = 0.371). This is the critical pore water pressure ratio
which can trigger the landslide without an earthquake. The
friction angle at failure was 35.7°. The stress path is going down
the failure line during motion with a friction angle of 33.8°. To
monitor the water pressure during shearing, the pore water
pressure supply valve was closed after failure occurred. After
closing the pore water pressure supply valve, pore-water pres-
sure increased with the progress of shearing, and shear resis-
tance decreased correspondingly. When the shear displacement
reached 1000 mm, the shear resistance arrived at an approxi-
mately constant value due to no additional increase in pore-
water pressure, i.e., steady state (i.e., 45 kPa) was reached.

As shown in Fig. 8a, the effective stress path moved down along
the failure line after failure. The stress path was that of typical
sliding-surface-liquefaction (Sassa 1996, 2000). The grains in the
shear zone were crushed during shearing and a high pore water
pressure was generated by reduction of volume (Sassa et al. 2004,
2010; Doan et al. 2017).

Drained speed control test

Drained speed control tests were performed to check the shear
rate effect on shear resistance; also, it is a basic test to measure the
friction angle of a sample. First, the sample was saturated to Bp =
0.95, consolidated to different normal stresses (200, 250, 300 kPa)
in the drained condition and then sheared at a constant rate of
0.05 cm/s. The results of the tests are presented in Fig. 9a showing
the peak friction angle (¢, =35°) and cohesion of 18 kPa. The
lower graph in Fig. 9b shows the time series data for total normal
stress, shear resistance, and pore pressure. Pore pressure
remained zero throughout the test, since the test was under a
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Fig. 8 a Stress path of pore pressure control test. b Time series data of pore pressure control test

drained condition. Figure 9c shows the relationship between vol-
umetric strain and time. It shows the typical curves of volumetric
strains observed at different normal stresses. It was observed that
volumetric strains during drained shear tests depended upon
normal stresses. Higher the normal stress, higher the volumetric
sample strains/deformations were observed. Moreover, a
contractant volume behavior was observed in all tests. All the
samples showed sample vertical height reductions during the
shearing phase. The decrease in volume was possibly caused due
to particle crushing during shearing phase as described by Sassa
et al. (2004). The stress path, friction angle and cohesion value
appeared to be reasonable for the nature of the sample.

Undrained cyclic stress test

An undrained cyclic shear stress test was performed on the
saturated sample to assess the acceleration required to cause
the failure. Initial normal stress and shear stress corresponding
to a depth of 15 m in a 25° slope were reproduced. The slope is
in the projecting ridge; therefore, a high ground water level is
not expected in the ordinary period without rainfall, while the

bottom of the ridge (sand layer at the toe shown in Fig. 5a) is
expected to be saturated due to river flow at the bottom. Ini-
tially, the saturated sample was consolidated at 210 kPa normal
stress, then a 97 kPa shear stress was loaded in the drained state
to create the initial stress state. The slope angle for this combi-
nation of normal and shear stresses corresponds to arctan (97/
210 = 25°). The shear box was then switched to the undrained
state for the undrained cyclic loading test, and after initial
stresses were created by applying pre-decided normal and shear
stress in the drained condition, dynamic cyclic loading was
applied in an undrained condition. For all the undrained cyclic
tests, one-way cyclic loading with constant amplitude of
30 kPa was loaded as 40 cycles of sinusoidal wave at the
frequency of o.5 Hz. A control signal (Fig. 10a) to produce
the required cyclic shear stress by increasing its value up to
123 kPa ensured the occurrence of failure. As seen in the Fig.
10d, the mobilized maximum shear stress was about 101.5 kPa
(which corresponds to a critical seismic acceleration of
175 gal) in the shear stress increment to cause failure from
the following relation by Sassa et al. (2004).
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cyclic loading (each control signal loaded 40 cycles of sine waves).
ap=( 7¢/m) = 74/7) x gsinf Figure 10b shows the time series data of the first run of the cyclic
loading test. The red line shows the shear resistance mobilized on
where the sliding surface. The blue line shows pore water pressure and
the green line shows the shear displacement. During the first run
m mass of a unit column between the ground surface of cyclic loading after 40 sine waves, there was not a significant
and the potential sliding surface change in the shear resistance and no pore water pressure was
0 angle of the potential sliding surface generated. A shear displacement started to generate after 50 s and
To Initial shear stress due to self-weight of the column goes up to 500 mm.
acting on the sliding surface There was no failure of soil observed in the first run of cyclic
A7y seismic shear stress increment required to cause loading. Therefore, the same control signal with 40 sine waves was
failure (may) loaded to the soil sample. During the second run of cyclic loading
ag seismic acceleration to cause the above seismic shear stress  shown in Fig. 10c after the first 27 s, the pore water pressure starts

to generate and goes up to 75 kPa then become steady and at the

same time shear displacement begins to increase, goes up to 7 mm,

Undrained cyclic stress test was performed three times on the and then becomes steady. There was no significant decrease in the
same soil sample as it did not fail in the first and second run of shear resistance and no failure of the soil.
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The control signal with 40 sine waves was loaded third time to
the soil sample. During the third run of cyclic loading (Fig. 10d)
showed pore water pressure generation after 40 s, failure of soil
specimen and further increase of pore water pressure with the
progress of shear displacement which results in reduction of shear
resistance until a steady-state shear strength of 45 kPa. This phe-
nomenon is referred to as ‘Sliding surface liquefaction” as de-
scribed by Sassa et al. (2004). The peak friction angle is 35.9° and
mobilized friction angle is 33° as shown in the Fig. 10e. The
accelerated motion was produced after failure of the soil. Shear
resistance was suddenly decreased down to the steady state of the
shear resistance though the control signal was stopped. Motion is
accelerated even after cessation of cyclic loading and stopped after
reaching 1000 mm.

According to Sze and Yang, the specimen prepared by dry
deposition (DD) during cyclic loading test exhibited a contractive
response in the initial stage of shear that was then followed by a
dilative, strain-hardening response to large deformation. On the
other hand, at the same density and confining stress, there was no
such hardening response in the specimens prepared by moist
tamping (MT), and the cyclic-loading test resulted in complete
flow failure. Figure 10c shows the results of the second undrained
cyclic loading series, the PWP and shear resistance became steady
after about 100 s, which could suggest that the soil may have
reached a steady state. The subsequent third loading series sud-
denly triggered a tremendous build-up of pore water pressure (and
hence reduction of shear resistance) as shown in Fig. 10d. A
sudden rise in PWP is associated with the occurrence of the
sudden deformation followed by a drop of effective stress. At a
medium-dense state (relative density, Dr.=60%) with sufficient
stress reversal in cyclic loading, the failure herein referred to
“limited flow” behavior of sand, observed by Sze and Yang
(2014). The triggering of flow was related to the occurrence of
strain softening, but the flow was limited because of the associated
strain hardening response in the subsequent shear.

Conclusion

® Landslide risk analysis for a rapid landslide triggered by rain-
fall and earthquake was conducted using data obtained by ring
shear tests on samples together with geological and topograph-
ical investigation of the study site. The results of the investi-
gation show that the landslide could be subjected to sliding
surface liquefaction with resulting rapid rainfall induced land-
slide in the future. Therefore, corrective countermeasures
should be taken for the Donga Kass landslide.

® Donga Kass landslide was activated during the 2005 Kashmir
earthquake in northern Pakistan causing many causalities and
blocked the Neelum valley road for several days. The factors
controlling the landside activity includes steep slope, presence of
silty and clayey material, construction of the Neelum road and
river under cutting along with rainfall and seismo-tectonic activity.

® This is a preliminary study which elevates the understanding
on the landslide phenomena and the triggering factors at the
Donga Kass landslide. But this is based on limited field and
laboratory testing observations, as landslide perdition is re-
quired a more comprehensive analysis along with the design of
some suitable countermeasure (such as design of proper drain-
age system so that pore pressure would not be built up in the
landslide mass or implementation of some bioengineering

technique) in the future. The current research can be a base
for further study in the future for the landslide prediction and
design of suitable remedial measure for the landslide.

® The study area is tectonically active, also it experienced ex-
treme monsoon rainfall each year. During the field investiga-
tion, it was observed that the rock units were badly sheared,
fractured, and deformed with tension cracks of 15 cm to 1.5 m
wide and 1 m deep. It will be very fragile to any future tectonic
activity.

® During field observation, it was recognized that the Donga kass
landslide was a translational type of slide and the slip surface
was not exposed and had been covered by debris. There were
lot of vertical joints (fractures) on the weathering crust about
1-5 m thick. These fractures allow water and surface moisture
to penetrate the rock and weaken sandstone, siltstone, and the
shale layer, causing an increase in weight, reducing the bond-
ing strength between two layers and thus promoting failure.

® The sample showed stress reversal in cyclic loading test, the
triggering of flow was related to the occurrence of strain
softening, but the flow was limited because of the associated
strain hardening response in the subsequent shear during the
third cycle of loading. The failure herein referred to “limited
flow” behavior of sand, observed by Sze and Yang (2014).

® Based on the conducted pore pressure control tests, it is sug-
gested that a pore pressure ratio of 0.371 could have caused the
landslide without an earthquake. Using this value and com-
bining with rainfall data and monitored pore water pressure in
bore holes, the time of this landslide can be predicted, thereby
reducing landslide risk by using early warning system.

® A cyclic loading ring shear test was performed three times on
the silty sand specimen from the Donga Kass slide, in the first
and second run of cyclic loading, there was no soil failure,
whereas failure happened after applying a third run of cyclic
loading indicating that the Donga Kass soil is resistant to
seismic loading.

® This study provided considerable insight into the landslide
activation phenomenon. Every year, a considerable amount
of road maintenance budget is allocated to repair the road
after the monsoon season (i.e., July to August). Hence, a
detailed analysis for effective countermeasures considering
the failure mode (i.e., excess pore pressure ratio criteria for
rainfall induced landslide) would not only be helpful in reduc-
ing the invaluable human lives lost but also will result in saving
a considerable amount of money allocated as a maintenance
budget every year.
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