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Abstract

The Northern segment of Pakistan, especially Balakot city is affected up to
large extent by the landslides. Tectonically, it lies in the proximity of Hazara
Kashmir Syntaxis and other two active regional faults: Main Boundary and
Hazara Frontal Thrusts that traversing right through the Balakot town. This
study focuses on the evaluation of slopes near Balakot town in static and
pseudo-static condition. A geological map is produced at 1:24,000 scale to
separate various rock and soil units. During reconnaissance study, two slopes
were selected which seem prone to sliding. The procured data on condition of
natural slope, properties of material entailed, structural setting, and vegeta-
tion cover distribution was gathered. Discontinuity Surveys of slopes were
carried out to collect discontinuity parameters. Kinematic analyses were per-
formed on DIPS v. 7.0 to assess mode of failures based on joints data. Limit
equilibrium analyses were carried out at S/ide v. 7.0 to check factor of safety
at different conditions. The study concluded that the slopes were affected by
the plane, wedge and toppling failures, while although in seismically active
zone, circular failure is not likely.
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1. Introduction

Earth has a complex structure and due to innumerable phenomena occurring on

its surface and interior, disastrous events are likely to happen without any
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warning. Such adverse geological conditions, which are capable of causing dam-
age or loss of property and life, are termed as geological hazard [1] [2] [3]. Ac-
cording to Coppola [4], hazard is the origin of the potential damage to commu-
nity in which population, infrastructure, inhabitant’s property, business and en-
vironment are included, for example, it affects human life in the form of injuries,
deaths; property damage and social-economic disturbances [5] [6]. Whether it
be an earthquake, volcanic activity, tsunami, landslide etc., it is almost difficult
to stop such natural events due to their unpredictability [7]. Due to advancement
in the field of geology, we are able to understand such events, eventually enabl-
ing ourselves to predict them so that the damage can be reduced [3] [8]. The
phenomenon of movement of earth material from insignificant to catastrophic
level either due to natural or artificial causes is termed as landslide [3] [8] [9].
Lundgren [10] described landslides as the movement of mass of earth, which in-
itiated under the action of the gravitational forces. Singh and Goel [11] termed
the advancement of mass of rock or soil in downward and outward directions
Le. the displacement of the mass on a down the hillside or on a sloping ground,
as landslide. The nature and intensity of the landslides make them a threat to
settlements, infrastructure and communication networks thereby increasing the
concern of study and research.

Slope failure is the result of shock e.g. increase in destabilizing force or exter-
nal load, earthquakes, undermining, cracks in rock with various types such as
hair-line cracks, frost wedging, or by increased pressure of water in cracks, clay
swelling, excavation and loss of the capillary tension can also become a cause of
decrease in shear strength resulting in slope failure [12]. Slope stability analysis
can be performed by kinematic analysis, limit equilibrium and numerical model-
ling techniques. Kinematic analysis is a very useful method to understand types
of failure by using discontinuities and joints orientations [13] [14] [15]. Prob-
lems related to slope stability can be reduced with refined assessment and de-
tailed examination [16]. The Northern Pakistan has abundance of various types
of landslides, which usually occur along major thrusts and road cuts [6] [17].
Many researchers studied landslides in detail to formulate the techniques to rec-
tify and conciliate the issue of landslides [3] [11] [18] [19] [20] [21] [22]. The
earthquake, which occurred on October 8™ 2005, caused numerous landslides in
the Balakot area and this earthquake also activated various landslides in the
nearby area [16] [23]-[28].

2. Study Area

The area under study comprises of mountainous outcrops covering the city of
Balakot, district Mansehra in the province of Khyber Pakhtunkhwa, Pakistan.
Balakot city is situated on the banks of River Kunhar before it enters Kashmir
Valley. Location map of the study area is given in Figure 1. The city is known to
be a tropical area with a good vegetation and forestation cover along steep

mountains. This study incorporates the area of Balakot city emphasizing upon
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Figure 1. Location map of selected sites [29].

two landslides; Landslide 1 (LS 1) and Landslide 2 (LS 2) marked on Figure 1 &
Figure 2 [29].

Based on visual observation and slope characteristics, two sites were selected
for detailed studies and sites were marked as LS-1 and LS-2. The outcrops of site
LS-1 lie between longitude and latitude 34°31'39.5"N and 73°20'49.1"E to
34°31'30.3"N and 73°20'43.6"E, whereas LS-2 lies between 34°31'26.4'N and
73°20'42.8"E to 34°31'17.1"N and 73°20'43"E.

Rock slope failures in this area mainly triggered after earthquake in 2005. Ba-
lakot city was destroyed and rock units seems unstable which caused causalities
and damages to infrastructure [25] [28] [30]. The lithological units along the
road cut composed of soft rocks as well as high precipitation in the area induce

sliding of rock mass along the road.

3. Geology

The North-western Himalayas of Pakistan is formed by the collision of plate
boundaries [31] [32] [33]. From north to south it is divided as Asian plate, shyok
suture zone, Kohistan island arc and Indian plate [32] [34] [35] [36] [37]. Indian
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plate is divided into sub-Himalayas, lesser Himalayas and higher Himalayas

bounded by major thrusts. The study area lies close to main boundary thrust

(MBT) and Hazara Kashmir Syntaxis, which is a major syntaxial bend of Hima-

layas. Due to two active regional faults traversing right through the Balakot

town, almost entire Balakot city falls in potential hazardous zone. The MBT is
passing through North of the Balakot city as Balakot-Bagh thrust (Figure 2)

[38].
Geological Map of Balakot and Adjoining Areas,
District Mansehra, KPK, Pakistan
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Figure 2. Geological map of study area (reproduced after USGS [38]).

Reproduced after USGS Map
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The Balakot-Bagh thrust is the main identified feature in this zone [26]. For-
mation observed in the emphasized area is Salkhala Formation. The formation is
mainly termed as metamorphosed zone and comprised of Precambrian to Cam-
brian sequence of quartzite, slates, phyllite, schists and marble [39].

Salkhala Formation of Precambrian age consists of slates with graphitic beds
interbedded with marble [38]. It also contains quartzite, quartz schist, gar-
net-biotite and talc schist at different places. Near Balakot city, this formation
thins out and remains to only few hundred meters [40] [41]. It is further divided

into two rock units; upper is called as Kundal unit and basal as Gandaf unit [42].

4. Methodology

A systematic work methodology was developed in order to study the landslides
in Balakot area by employing literature review of previous research especially af-
ter earthquake. An overview of the research methodology is giving in Figure 3
and it is explained briefly below. A reconnaissance study carried out to assess the
nature of slopes and geology of study area. Geological map demarcating regional
faults, rock and soil units was prepared (Figure 2).

Discontinuity Survey were carried out as per standard [43] [44] to assess na-
ture of jointed rock. The parameters such as orientation, spacing, persistence,
groundwater conditions and infilling material were used to assess rock quality.

After gathering required data from the sites which seemed to be prone to
sliding, the stability analyses of those slopes were conducted by using the empir-
ical classification system, limit equilibrium analysis and kinematic analysis. The
parameters which were used in this study are explained in few lines.

For in-situ evaluation of strength of rocks, an indirect tool, the Schmidt
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Figure 3. Work methodology flow chart.
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Rebound Hammer was employed in the field. The value of rebound number
(Rn) was calculated and later it was correlated with the unit weight using corre-
lation chart [43] [44] [45]. Geological strength index (GSI) was calculated by

using the correlation given below:

GSI = RMR -5 (1)

The GSI value obtained from Equation (1) is one of the input parameters of
the analysis using limit equilibrium method. Equation (2) was proposed by
Palmstréom [46] that a correlation can be made for the indirect estimation of Rock
Quality Designation (RQD) by using the joint volumetric count (/v). The value of

Jvrepresent the sum of reciprocal of all joints which are defined as follows:

Jv=1/S1+1/S2+1/S3+---+ NR/S )

Here, S1, $2 and S3,---,Sn represent the spacing of the joints depending on
the spacing of joints in rock mass. NR represents the number of the random
joints present in the unit and according to Palmstrom [46] [47] [48] spacing of 5
m should be used for the random joints.

Procedure of evaluating and predicting the possible direction of moment of
rock is called the kinematic analysis [49]. Kinematic analysis is a geometric me-
thod, which uses the angular interactions among the discontinuity planes in or-
der to predict the possibility and failure of jointed rock mass unit [50]. Kine-
matic analysis performed with DIPS v. 7.0 [51], a program of RocScience suite.
The limit equilibrium analyses were performed to estimate global failure analy-
sis, factor of safety and surface of failure. By employing the Slide 7.0 (RocS-
cience), limit equilibrium analyses were performed in order to measure the fac-
tor of safety (FOS). As discuss earlier, the study area lies in seismically active
zone, so to generate a realistic scenario as per field, twenty various analyses were
performed in Slide. Analyses were performed in dry to wet condition, whereas
the seismic loading of various peak ground acceleration (PGA) was also em-
ployed in the analyses. Four slices methods, Bishop [52], Janbu [53], Corps of
Engineers [22], and Spencer [54] [55], were used in these analyses.

5. Discussions

Geological map of Balakot city, and adjoining areas having scale 1:24,000 was
prepared using satellite images from Google Earth and it was reproduced using
ArcGIS10.3. The major rock units exposed at selected slopes slates and quartzite
of Salkhala Formation. The digitized map of Balakot city is given in Figure 2.
Along the road, slided mass was present which caused damaged to retaining
structures. Sites that seem unstable and had a chance of landslide were marked
and selected for detail studies (Figure 1 and Figure 2). Discontinuity data were
conducted on selected sites. Samples were subjected to calculate density with av-
erage values ranging from 2.7 - 3.3 g/cm’. Schmidt Rebound (Rn) values ranges
from 15 to 60 so the average strength of rock mass was calculated to be within
the range of 84 - 134 MPa by using the correlation chart [43] [44] [45] [56]. Three
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to four joint sets were observed with closed to moderately space with very low to
low persistence and apertures were observed to be as closed to moderately wide.

Empirical classification of rock mass carried out by Rock Mass Rating (RMR)
classification system [57] [58] [59] [60]. Table 1 shows that rock mass rating is
62 and 63 for LS1 and LS-2 respectively that falls in good quality.

Kinematic analysis carried out by Dips 7.0 using the orientation data, the LS-1
is likely to have Planar sliding and direct toppling along joint /1 (Figure 4(a)).
Flexural toppling is likely to happen along Random joints whereas the wedge
sliding is not likely along this slope. On the other hand, LS-2 is likely to have
planar sliding and direct toppling along joint /1 and there is probability of wedge
failure along /1 and 2 (Figure 4(b)). Flexure toppling is likely to occur along the
foliation at LS-2. The results of the kinematic analyses are summarized in Table
2. The results of kinematic analyses confirm the field observations as well.

The limit equilibrium analyses were performed for global failure analysis, fac-
tor of safety (FOS) and surface of failure. By employing the Slide 7.0 (RocS-
cience) software, analyses were performed in dry to wet condition, whereas the
seismic loading of 0.32 peak ground acceleration (PGA) and under extreme con-
ditions using both wet and PGA.

For the LS-1, in existing conditions, Bishop, Janbu, Spencer and Corps of En-
gineer method calculated FOS is 5.932, 6.049, 6.125 and 6.098 respectively.

Whereas in wet conditions with 10 m ground water level and 70% saturation,

Table 1. Rock mass rating of slopes in study area.

Ratings of Parameters of Rock Mass Rating
Site No RMR Quality GSI
Strength RQD Spacing Condition of Joints Water Condition
LS-1 7 13 10 2 1 5 4 5 15 62 Good Rock 57

LS-2 12 13 8 2 1 3 4 5 15 63 Good Rock 58

Figure 4. Kinematic analyses of slopes (a) Landslide-1; (b) Landslide-2.
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FOSis 6.919, 6.949, 7.044 and 7.238. With maximum seismic loading where the
PGA was set as 0.32, the results for aforementioned methods were, 4.205, 3.854,
4.569 and 3.691. In extreme conditions, where the PGA is 0.32 along with pres-
ence of water, Bishop, Janbu, Spencer and Corps of Engineer #1 methods calcu-
lated FOS as 4.69, 4.278, 5.079 and 4.458 respectively (Figure 5).

Table 2. Summary of results based on kinematic analyses.

Kinematic Analysis LS-1 LS-2
Dip 51 65
Slope Face (Orientation)

Dip Direction 081 080

Planar Sliding Likely along J1 Likely along J1

Wedge Sliding Not likely Likely along J1 & J2
Flexural Toppling Likely along Random Joints  Likely along Foliation
Direct Toppling Likely along J1 Likely along J1

» 7_,/'/-
Safety Factor
2ok 0.000
0.500
1.000
— 1.s00
< " —
. ) ; . —— 2.000
15 30 45 15 30 45 —— 2.500
(a) Existing Conditions (b) Water Table = 5 00
—— 3.500
——{ 4.000
4

< ——{ 4.s00
5.000

»0.32 »0.32
~“ e 5.500
6.000+

20F 20F

75 30 T ' 75 30 45

(c) Seismic Loading (d) Extreme Conditions

Figure 5. Limit equilibrium analyses of LS-1 using Spencer slice method (a) under normal existing condi-
tion of slope (b) water table at 10 m with 70% saturation (c) seismic loading at 0.32 peak ground accelera-
tion (PGA) (d) under extreme condition with 10 m ground water and 0.32 PGA.

DOI: 10.4236/0jg.2019.911091 802 Open Journal of Geology


https://doi.org/10.4236/ojg.2019.911091

M. S. Akram et al.

30F

15

(a) Existing Conditions (b) Water Table

At LS-2, in dry and existing conditions, FOS for Bishop, Janbu, Spencer and
Corps of Engineer methods turned out to be 5.932, 6.049, 6.125 and 6.098 re-
spectively. In wet conditions, FOS values were 5.932, 6.049, 6.125 and 6.098 for
aforementioned methods. With the maximum seismic loading of 0.32 PGA, FOS
values were 4.205, 3.854, 4.569 and 3.961 for Bishop, Janbu, Spencer and Corps
of Engineer methods respectively. In the extreme conditions, the values of FOS
for Bishop, Janbu, Spencer and Corps of Engineer methods were 4.205, 3.854,
4.569 and 3.961 respectively (Figure 6). FOS values obtained through all the
analyses, despite extreme conditions, came out to be greater than 1 (Table 3)

which means that the slopes are safe from failure.

6. Conclusions

The current study focuses on evaluation of slopes in static and pseudo-static

condition, as Balakot lies in a tectonically active regime. During the field excursion,

30f
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Figure 6. Limit equilibrium analyses of LS-2 using Spencer slice method (a) under normal existing condi-

tion of slope (b) water table at 10 m with 70% saturation (c) seismic loading at 0.32-peak ground accelera-
tion (PGA) (d) under extreme condition with 10.
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Table 3. Results of factor of safety (FOS) using limit equilibrium slices method.

Landslide Condition Bishop Janbu Spencer Corps of
No. Simplified Simplified P Engineers-1

Existing 5.932 6.049 6.125 6.098

Water Condition 6.919 6.949 7.044 7.238

LS-1 Seismic Loading (032 PGA)  4.205 3854 4.569 3.961
Extreme (0.32 PGA + Water

. 4.69 4.278 5.079 4.458

Condition)

Existing 7.11 8.48 16.81 12.57

Water Condition 7.20 8.37 16.86 12.31

LS-2 Seismic Loading (0.32 PGA) 5.51 5.98 5.73 8.32
Extreme (0.32 PGA + Water

5.48 5.89 5.65 8.04

Condition)

two sites were selected, and geological map was prepared. The rocks exposed on
the sites were mainly Slates and phyllites of Salkhala Formation. Discontinuity
surveys were conducted on the selected sites. The discontinuity data was used to
evaluate the rock quality using Rock Mass Rating (RMR). RMR depicts that rock
lies in good category.

Kinematic analysis was performed with computer code DIPS v. 7.0 to assess
stability of slopes. At LS-1, plane failure and direct toppling are likely along the
joints while there is no possibility of wedge failure. Flexural topping can also be
expected at this site. While at LS-2, plane failure is likely along foliation planes
and wedge failure can be expected at the intersection of joints of /1 and 2.

Limit equilibrium analysis was performed with computer code Slide v. 7.0 to as-
sess FOS of slopes at static and pseudo-static conditions. At four various condi-
tions such as dry, wet, seismic loading and extreme, it was revealed that FOS
is >1 which concluded that there is no possibility of global failure along these
slopes.

This study concludes that using empirical classification system, kinematic and
limit equilibrium analyses simultaneously, stable slopes can be designed in seis-
mically active regime, however, verification of the results is always emphasised.
The results of study verify the study of Palmstrom and Stille [61], that is the de-
signing of engineering projects should always be related to ongoing stage of the
project with ongoing decisions. In the present study the decisions were made by
the forward analyses using three different methods which were empirical classi-
fication schemes for the rock quality, kinematic analysis for the rock failures and
limit equilibrium analyses for the stability of slopes in static and pseudo static

conditions as the present study lies in active tectonic regime.
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