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Abstract

Pakhi landslide is one of the major debris slides of retrogressive nature along national highway (NH-58) corridor from
Rishikesh to Badrinath in Garhwal Himalayas, India. The present work is the first such attempt in one of the landslides in
Indian Himalayas and in the present case study, the subsurface characterization of the landslide was carried out with an
aim to correlate the subsurface lithology, slip surface and geometry of the landslide using borehole investigation and elec-
trical resistivity tomography (ERT) techniques. The results from ERT survey along and across the landslide could help to
delineate different strata layers; thereby deciphering the probable slip surface of the landslide activity. Further, based on the
landslide model drawn from the ERT interpretations, it can be stated that the crown portion of the right flank is more vulner-
able to sliding phenomenon and that of the left flank is more prone to erosion. The results obtained from both the borehole
investigation and ERT techniques are observed to be in great agreement and could complement each other for subsurface
detailed investigation of landslide. The integration of both these techniques provides useful information about the landslide
activities and defines the geometry of the landslide. Hence, it will be quite helpful in planning mitigation strategies as well

as usefulness of each of these techniques.
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Introduction

Landside is known as downward movement of a slope caused
by various geomorphological, geological, hydrological and
seismological factors under the influence of gravity (Cru-
den 1991). These mass movements range from very slow
slides in soils to rock avalanches (Jongmans and Garambois
2007). Landslide is one of the major problems in the Hima-
layas due to natural processes, increase in the population of
the hilly regions and quest for infrastructural development
and urbanisation (van Westen et al. 2013). About 15% of
India (~0.49 million km?) including the mountainous areas
of the Himalayas, the Meghalaya plateau and the Western
Ghats are landslide-prone (NDMA 2009). Various types of
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landslides have been recorded within this region such as
rock fall, rock toppling, rock slide, debris slide and debris
flow. When landslide occurs, it is usually disastrous and
sometimes leading to loss of human lives and properties. To
mitigate such a hazard effectively, it is essential to develop a
proper understanding of the mechanisms involved in a land-
slide phenomenon. Landslide occurrences are often associ-
ated with reactivation of old landslides and road cut slopes
and these are characterised by high complexity and variabil-
ity in space and time (de Bari et al. 2011). The complexity of
landslide assessment requires integrated approach to unveil
both its surface (Malet et al. 2002; Travelletti and Malet
2012) and subsurface (Grandjeans et al. 2007; Lissak et al.
2014; Fressard et al. 2016; Sastry and Mondal 2013) char-
acteristics. Hence, the need for application of multidiscipli-
nary methods such as satellite imagery, landslide inventory,
geological/geomorphological, geophysical and geotechnical
borehole investigation approaches become necessary. The
integration of different techniques allows to obtain useful
information for all the phases of the landslide disaster cycle,
overcoming the limitations of each single method applied
(Perrone et al. 2014; Strelec et al. 2017).
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Before planning for detailed landslide remedial measures,
any specific landslide needs to be investigated in detail in
terms of topographical, geological, geophysical and geotech-
nical characterization of the unstable landslide area. The
topographical characterization of site-specific landslide can
be performed using remote sensing techniques and surveying
techniques to prepare elevation contour maps on large scale.
The geological mapping of the landslide is generally car-
ried out through surface feature mapping of different types
of materials on the hill slope including soil/debris and rock
strata. Geotechnical investigation in landslide area involves
borehole drilling as the direct way of subsurface charac-
terization and collection of landslide material over different
depths for laboratory testing and analysis. Borehole drilling
is cost- and labour-intensive and also gives subsurface infor-
mation of a particular location in the landslide area. To fill
up the subsurface information gaps between the boreholes,
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Pakhi landslide: the study area

Pakhi landslide is one of the major active landslides
along Rishikesh—Badrinath National Highway (NH-58)
which has high importance for both strategic and tour-
ism activities in Uttarakhand State of India. The landslide
falls within the latitude 30.464°N to 30.467°N and lon-
gitude 79.457°E to 79.460°E (Fig. 1). The slide is about
1.8 km away from Pakhi village and at about a distance of
9 km ahead of Pipalkoti on Rishikesh—Badrinath National
Highway (NH-58) corridor of Garhwal Himalayas in
Uttarakhand. This landslide falls within Pipalkoti win-
dow of Tejam group (Heim and Gansser 1939) which is
made up of predominantly dolomites of Deoban formation
(Validiya 1980) with various degrees of weathering as a

result of extreme climatic condition within the region. For
the study area falling under Uttarakhand hydro-meteoro-
logical division of India, the long period annual average
rainfall is 1580.9 mm. The mean rainfall of 1229.1 mm
during monsoon period (June—September) contributes
77.7% of annual rainfall (1580.9 mm). Contribution of
pre-monsoon (March—May) rainfall and post-monsoon
(October—December) rainfall in annual rainfall is of the
order of 9.9 and 5.7%, respectively. The monthly aver-
age rainfall for monsoon period during June to September
is 167.8, 428.1, 426.3 and 206.9 mm, respectively. The
mean minimum and maximum temperatures during mon-
soon period vary from 14.8 to 16.9 °C and 22.9 to 25.9 °C,
respectively. The pre-monsoon mean minimum and maxi-
mum temperatures vary from 6.6 to 13.9 °C and 17.6 to
24.6 °C, respectively. The post-monsoon mean minimum
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and maximum temperatures vary from 3.8 to 10.5 °C and
13.6 to 20.6 °C, respectively.

The main body of the landslide is defined by its exten-
sion on both the flanks and from crown to toe based on
field observations. This landslide is bounded by two natu-
ral streams on both left and right flanks. These streams
join the Alaknanda River downhill. The crown of the land-
slide is defined by the main scar beyond which on uphill
side there is no sign of distress and tension cracks and
also there is a break in slope between crown and the uphill
steep slope with exposure of dolomitic rocks. The stable
portion beyond the crown of the landslide has also been
reported in the previous work on ground-based monitoring
of this landslide area (Kanungo et al. 2017). The toe of the
landslide exists at the road (NH-58) level. The landslide
body is marked on the field photograph of the landslide
(Fig. 1b).The topographic map with elevation contours on
1:1000 scale with 2 m contour interval of the landslide
area (Fig. 1a) has been prepared. The elevation at the toe
of the landslide (at road level) is 1476 m and that at the
crown of the landslide is 1526 m above msl.

The landslide is basically a retrogressive debris slide
with shallow overburden material resting on a steep slope
(Kanungo et al. 2013). The general slope angle of the land-
slide amounts to 55°-60° with a direction of N320°. The
base rock in the slide area is dolomitic limestone. The
unfavourable discontinuity (bedding plane) has a dip of
about 45°-55° with a dip direction of N320° (almost as
that of slope). It has a dip—slope relationship with respect
to the slope direction which makes this discontinuity plane
favourable for sliding of overburden material (colluvium
and weathered dolomites) along this plane. The landslide
has the main scar on the uphill slope and a number of
minor (secondary) scars developed along the radial trans-
verse tension cracks all over the landslide body. There
is a clear indication of detachment and displacement of
the order of sub-metre to a metre along all these tension
cracks, which indicates the retrogressive nature of sliding
activity (Kanungo et al. 2013). The landslide is spread
over a length of 112 m in total at the road level with two
active stretches on left and right flanks having spread
lengths of about 57 m and 15 m, respectively. Initially, the
debris slide along a narrow channel on the left flank and at
the excavated height at road level was initiated due to the
road widening process. During the monsoon period (rainy
season), this region witnesses frequent occurrence and
reactivation of landslides due to increase in the amount
of water infiltration into the colluvial soils on the slopes,
thereby reducing the shear strength properties of the soil.
Due to heavy precipitation in this area during the mon-
soon season (specifically August to September of 2010),
this active portion of the slide got extended towards its
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right side and is also progressing retrogressively towards
uphill side.

In previous study on this particular landslide (Kanungo
et al. 2013), it has been reported based on the field observa-
tion on landslide scar faces that there exists three different
layers of material such as top soil (colluvium), weathered
dolomites and fresh dolomites across depths. Based on the
disturbed sampling and laboratory geotechnical analysis of
colluvium material, it is further reported that the colluvium
contains about 62-65% of gravel and sand and 35-38% of
silt and clay content with a specific gravity of 2.67. Further,
the cohesion under unsaturated condition is of the order of
0.2 kg/cm? with friction angle of about 36°—42°. Under satu-
rated condition, the colluvium is almost cohesionless and the
friction angle varies in the range of 34°—40°.

Methodology

In this study, the surface and subsurface characteristics of
the landslide were investigated using an integrated approach.
The previous work (Kanungo et al. 2013) as described in
"Pakhi Landslide: the study area" has also helped in execut-
ing and analysing the present work in a better way. The sub-
surface mapping in this present case has been carried out
using borehole investigation and ERT survey techniques to
compliment each other in accurately delineating the inter-
faces of different material layers across depth and also iden-
tifying the probable slip surfaces in the landslide area. The
borehole locations and the profile lines for ERT survey are
shown on the contour map and the field photograph of the
landslide area (Fig. 1).

The outline of the methodology for subsurface charac-
terisation of the landslide is given in the flow chart (Fig. 2).
Geophysical investigation using ERT and geotechnical
investigation using borehole drilling and logging (Strelec
et al. 2017; Bellanova et al. 2018) methods were carried
out in this landslide area during pre-monsoon period (May
2018). The previous field mapping and published litera-
tures, GPS point data and Google Earth Image helped in
locating the borehole points and also the ERT profile lines.
Under geotechnical investigation of the landside, six bore-
holes were made (BH 1-6) out of which one is located at the
crown portion of the landslide (BH 1), three are located in
the middle portion (BH 2, 3 and 4) and rest two are located
above road level at the toe portion (BH 5 and 6) of the land-
slide body. The drilling has been carried out using rotary
drilling method with double tube core barrels. The drilled
materials were carefully logged and recovered samples
were labelled and kept in the core boxes. Under geophysical
investigation of the landslide, ERT survey along six profile
lines were performed out of which three profiles are located
across the landslide slope along different elevation contours
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Fig.2 Methodology flow chart for subsurface characterization of the
landslide (Drahor et al. 2006; Yilmaz 2007; Jomard et al. 2010; Jager
et al. 2013; Reci et al. 2013; Fikos et al. 2014; Panek et al. 2014; Kac-
zmarek et al. 2015; Souisa et al. 2015; Ardi and Mimin 2016; Ling
et al. 2016; Popescu et al. 2016; Asriza et al. 2017; Kaminski and
Zientara 2017; Claudio et al. 2018; Crawford et al. 2018; Mita et al.
2018; Pappalardo et al. 2018)

(AA’, BB' and CC’), two profiles are located at the road level
in the toe portion (DD’ and EE') of the landslide and rest one
profile is located along the slope on the left flank (FF') of the
landslide body. The borehole investigation data in associa-
tion with the ERT inverse images were interpreted to reveal
the landslide characteristics in terms of lithologies/materi-
als and their interfacial depth and to delineate the probable
slip surfaces as carried out by many researchers (Drahor
et al. 2006; Yilmaz 2007; Goktiirkler et al. 2008; Jomard
et al. 2010; Reci et al. 2013; Giocoli et al. 2015; Souisa
et al. 2015; Ardi and Mimin 2016; Fressard et al. 2016; Ling
et al. 2016; Popescu et al. 2016; Zhang 2016; Asriza et al.
2017; Kaminski and Zientara 2017; Uhlemann et al. 2017;
Bellanova et al. 2018).

Electrical resistivity tomography (ERT)

The application of ERT method in landslide investigation
has helped in providing information about electrical resistiv-
ity distribution of the subsurface materials. The resistivity
contrast between different types of earth materials is a rea-
sonable means to identify different material characteristics,
which has been attributed to the degree of weathering, mois-
ture content and mineralogical composition of such earth
material.

The field procedure comprises current multi-electrode
system, which is connected at a fixed distance according to
the specification of electrode configuration (Schlumberger,
Wenner, Wenner-Schlumberger, Dipole—Dipole, etc.) on the
ground. The current (/) is injected into the subsoil through
the electrode and the voltage (V) is measured. The val-
ues of V and I depend on the geometric factor of the array

Fig.3 Commonly used ERT Wenner Wenner-schlumberger
array and their geometric factors c1 c2 P1 p2 c2
P1 P2 o
(Loke et al. 2013) l‘” l<_ V__..l _ l l l
4— a—» 4—a—> 4— a—> 4— N2 —» «a—> 4— na —»
(a) K= 21Ta (b) KeTm e e
Dipole-dipole
Pole-Pole P P
c1 P1 P2 c2 Ct i P2

'

l<— na —e=—'¢— g —>»
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(c) K= 21n (n + 1)(n + 2) (d) K=1n (n + 1)}(n+2)( n + 3)
Gradient
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configuration as indicated in Fig. 3. Accordingly, the resis-
tivity can be estimated using Eq. (1):

AV
p= kT 1)
where p is the resistivity, k is the geometric factor, I is the
current flow and AV is the potential difference.

The electrical resistivity tomography is usually derived
from the inversion of the apparent resistivity (Perrone et al.
2014). One of the famous inversion algorithms is RES-
2Dinv (Loke and Barker 1996; Loke et al. 2003) which is
based on a smoothness-constrained least-squares method.
It allows to obtain two-dimensional sections through finite
differences or finite elements computations. The root mean
square error (RMS) can be used to evaluate the fit of the
resistivity model obtained which gives percentage differ-
ence between the measured and calculated values.

This ERT-based method was adopted for this research
work to delineate the internal strata, to define the geo-
metric features as well as to estimate the thickness of the
sliding materials within the landslide body. This method
has widely been used by many researchers in recent times
to investigate various forms of landslide and Table 1 shows
the summary of such previous works on landslide investi-
gation specifically.

Technically, various arrays can be used in obtaining
the ERT information depending on the subsoil depth
of investigation, sensitivity to vertical and horizontal
changes, strength of signal and horizontal data coverage
(Loke 1999; Naudet et al. 2008). The advantages and limi-
tations of different ERT arrays used in landslide study and
reported by various researchers over the time are listed
in Table 2. In this study, a multi-cable electrode imaging
system, ABEM terameter, was used for the acquisition of
data. The equipment comprises 48 electrodes, which pro-
vide accurate imaging at the depth of investigation within
the sliding body. Wenner array, which is robust, high sig-
nal-to-noise ratio and high characterisation of horizontal
discontinuities (as listed in Table 2) and used and reported
by many researchers for landslide investigation (Sumano-
vac 2006; Lee et al. 2008; Sass et al. 2008; Shan et al.
2013; Khalil et al. 2018; Pappalardo et al. 2018), was used
for the acquisition of data with different electrode spacings
depending on the stretch available on the landslide slope.
The inversion of the data obtained from the field was car-
ried out using RES2Dinv software developed by Loke and
Barker (1996). The electrical resistivity data were acquired
along six profiles, out of which five profiles are transverse
to the landslide slope direction along the elevation con-
tours and one profile is in the longitudinal direction of
the landslide slope across the elevation contours (Fig. 1).
The different parameter details such as length of profiles,
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electrode spacings, number of electrodes and type of array
used in different ERT profile lines are given in Table 3.

Borehole drilling

Six boreholes were drilled within the landslide body to
unveil the subsurface lithology and probable slip surface of
the landslide. This information will further compliment the
results obtained from the ERT survey. The locations of the
boreholes are shown in Fig. 1. The drilling operation has
been carried out using rotary drilling with double tube core
drilling method instead of triple tube with wire line drilling
method due to some constraints. The drilling method used
may cause some mechanical breakage and thereby loss of
soil and softer materials in the core recovery process. The
depths of the boreholes vary from place to place depending
on the drilling conditions and the depth of the in situ rock
strata. The borehole 1 (BH-1) which is at a higher elevation
and almost at the crown of the landslide was drilled up to
18 m depth. Three boreholes (BH-2, 3 and 4) at the middle
portion of the landslide body were drilled up to 21 m, 22 m
and 19 m depths, respectively. Two boreholes (BH-5 and
6) at further lower elevations on landslide slope just above
the road level were drilled up to 16.5 m depths each. The
samples recovered from the boreholes were properly logged
to decipher the nature and depth of material encountered at
different depths.

Results and discussion

Subsurface characterisation of the landslide using
borehole logging

Based on the borehole logging information, it is observed
that two to three layers of materials/lithologies are encoun-
tered in different boreholes along the depths vertically down
(Table 4 and Fig. 4a). BH-1 is located within the upper
crown part of the landslide slope about 2 m away from pro-
file A—A’ (Fig. 1). The data from the borehole indicate a top
layer of colluvium deposits up to 9.0 m which is followed by
weathered dolomites up to 13.5 m and then by fresh dolo-
mite rock up to the drilling depth (i.e., 18.0 m). BH-2 and
3 were drilled along profile B-B’ about 15 m apart. BH-2
encounters colluvium up to 1.5 m, colluvium and boulders
from 1.5 to 6.0 m, weathered dolomites from 6.0 to 18.0 m
and fresh dolomites from 18.0 to 21.0 m as interpreted from
the core recovery. The logs from BH-3 show that the col-
luvium, weathered dolomites, fresh dolomites and again
weathered dolomites are present (Fig. 4a) with interfaces
between these layers at 1.5 m, 6.0 m and 10.5 m, respec-
tively, and it could not be drilled beyond 22 m to encounter
fresh dolomitic bed rock again beyond weathered dolomites
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Table 3 Parameters of the ERT

o Profile lines A-A' B-B’ c-C' D-D’ E-E' F-F'
survey for data acquisition
Parameters of ERT array
Length of profile (m) 94 72 72 94 94 94
Electrode spacing (m) 2 1.5 1.5 2 2 2
Number of electrodes 48 48 48 48 48 48
Type of array Wenner Wenner Wenner Wenner Wenner Wenner

Table 4 Borehole logging results of the boreholes drilled on the land-
slide slope

Location Lithology Depth (m)
From To
BH-1 Colluviums 0 9.0
Weathered dolomites 9.0 13.5
Fresh dolomites 13.5 18.0
BH-2 Colluviums 0 1.5
Colluviums and boulders 1.5 6.0
Weathered dolomites 6.0 18
Fresh dolomites 18 21
BH-3 Colluviums 0 1.5
Weathered dolomites 1.5 6.0
Fresh dolomites 6.0 10.5
Weathered dolomites 10.5 22
BH-4 Colluviums 0 1.5
Weathered dolomites 1.5 8.5
Fresh dolomites 8.5 19
BH-5 Weathered dolomites 0 7.5
Fresh dolomites 7.5 16.5
BH-6 Weathered dolomites 0 10.5
Fresh dolomites 10.5 16.5

due to site and operational constraints. BH-4, drilled up to
19.0 m, encountered three layers such as colluvium, weath-
ered dolomites and fresh dolomites with interfaces at depths
of 1.5 m and 8.5 m, respectively. The drilling core samples
collected from BH-4 are shown in Fig. 4b as an example.
BH-5 and 6, drilled up to 16.5 m each, encountered two
strata layers such as weathered dolomites and fresh dolo-
mites with interfaces at depths of 7.5 m and 10.5 m. respec-
tively (Fig. 4a). In all these six boreholes, no water table was
encountered up to the drilling depths. Further, geotechnical
laboratory analysis of collected drilling core samples could
not be performed and included in this research work.

Subsurface characterisation of the landslide using
ERT survey

The electrical resistivity of any material is usually con-

trolled by different factors such as water content, poros-
ity, clay content, etc. Generally, there are wide ranges in
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electrical resistivity values for any particular type of mate-
rial and, accordingly, electrical resistivity values cannot be
directly interpreted in terms of lithology/materials. Keep-
ing these in view, the results were interpreted with the help
of literatures, exploratory boreholes, and direct resistivity
measurements to calibrate the ERT and to correlate electri-
cal resistivity values with the lithological characteristics
(Chang et al. 2011; Crawford 2018). It is to be noted here
that the electrodes during the ERT survey were put into the
sloping ground vertically down and 2D ERT images are
created on the plane perpendicular to the sloping surface.
Therefore, all the resistivity interpretations made in the
present study depict the depths perpendicular to the slop-
ing surface of the landslide.

It is observed from the ERT images of all the profile
lines (Fig. 5) that with a profile length of 94 m the depth of
penetration perpendicular to the sloping surface is around
17-17.5 m (for profiles AA’, DD’, EE’ and FF') and with
a profile length of 72 m the depth of penetration perpen-
dicular to the sloping surface is about 12.9 m (for profiles
BB’ and CC’) as tabulated in Table 5. The results obtained
from electrical resistivity imaging indicate a wide range of
resistivity values. This may be due to the variation in the
subsurface characteristics of the material of the landslide
body (Chang et al. 2011). As interpreted from the resistiv-
ity values, there exists mainly three-layered strata in the
landslide body (Table 5 and Fig. 5). This is also in agree-
ment with the previous study on the particular landslide as
mentioned in "Pakhi Landslide: the study area" (Kanungo
et al. 2013). The first layer (I) has an assumed lower resis-
tivity range of < 1000 Qm, which can be interpreted as
colluvium as observed in borehole logs. The second layer
(IT) is observed to have a somehow middle range of resis-
tivity values of the order of 1000-4500 Qm and can be
inferred as weathered dolomites (as observed in borehole
logs). The third layer (III), which can be interpreted as
fresh dolomitic limestone as per borehole logs, has still
a higher range of resistivity values > 4500 Qm. The slip
surface of the landslide was observed to be the intersection
layer between the colluviums and the weathered dolomites
(Crawford et al. 2018). Apart from the low clay contents
(Kanungo et al. 2013), the higher resistivity values can
also be observed as a result of less water infiltration into
the landslide body as the ERT measurements have been
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Fig.4 a The drill core logs BH-1
of the six boreholes (BH-1 to
BH-6) and b the drilling cores
of BH-4
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carried out during pre-monsoon period indicating no
water-saturated zones and no water table was encountered
during the drilling operation also.

Interpretation of ERT profile line A-A’

The inverse model resistivity section of A—A' profile line
(Fig. 5a) is interpreted and it is observed that at central
section of profile (47 m on the surface) the colluvium
(layer I) with low resistivity (< 1000 Qm) is encountered
up to a depth of about 10 m; this colluvium layer extends
on the left flank of the landslide at a similar depth up to
66 m of the profile line horizontally on the surface and

P
Fresh Dolomites: 8.5 - 19 m ———8>

(b)

extends on the right flank of the landslide with an increas-
ing depth up to about 13.5 m at 34 m of the profile line on
the surface. At the central resistivity section beyond 10 m
depth, the second layer (layer II) of weathered dolomitic
limestone is encountered till the total depth of penetration
(i.e., 17.2 m). The interface between the colluvium and
weathered dolomite layers is interpreted as the slip surface
of the landslide. This is also supported by the evidence
from previous study (Kanungo et al. 2013) as the bedding
plane of dolomites is in dip—slope relationship with the
slope and the overlying colluvium slides down on the bed-
ding plane of the underlying weathered dolomitic rocks.
Such interpretations are also made by many researchers
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Fig.5 Inverse model of resistivity sections along profile lines: a A—A’, b B-B’, ¢ C-C', d D-D’, e E-E’ and f F-F' (CL colluvium, WD weath-
ered dolomites, FD fresh dolomites, BD boulder, BH borehole)
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Table 5 Result of electrical

A Profile lines Total depth of Layers Resistivity (2m) Lithology
resistivity torpography [I=1st penetration
layer (colluviums), [I= '2nd (m)
layer (weathered dolomites),
III=3rd layer (fresh dolomites)] A-A’ 17.2 1 <1000 Colluviums (CL)
11 1000-4500 Weathered dolomites (WD)
I >4500 Fresh dolomites (FD)
B-B’ 12.9 I <1000 Colluviums (CL)
11 1000-4500 Weathered dolomites(WD)
111 >4500 Fresh dolomites(FD)
- > 4500 Boulder of fresh dolomites (BD)
c-C' 12.9 11 10004500 Weathered dolomites(WD)
111 >4500 Fresh dolomites (FD)
D-D’ 17.2 | <1000 Colluviums (CL)
11 10004500 Weathered dolomites (WD)
E-E’ 17.5 I <1000 Colluviums (CL)
11 1000-4500 Weathered dolomites(WD)
111 >4500 Fresh dolomites(FD)
F-F 17.2 1 1000-4000 Weathered dolomites (WD)
1 >4500 Fresh dolomites (FD)

based on ERT and other investigations (Drahor et al. 2006;
Jomard et al. 2010; Souisa et al. 2015; Ling et al. 2016;
Ardi and Mimin 2016; Asriza et al. 2017; Kaminski and
Zientara 2017).

Further, on the left flank of the landslide, the interface
between second (weathered dolomite) and third (fresh dolo-
mite) layers is encountered at a depth of 13.5 m at 51 m of
the profile line on the surface; the depth of this interface
decreases beyond this point and tapers at a depth of about
2.5 m at 84 m of the profile line on the surface. On the
surface at right flank of the landslide, the colluvium layer
is encountered with stray patches of weathered dolomites
and at left flank of the landslide; weathered dolomites are
encountered beyond 57 m of the profile line.

Interpretation of ERT profile line B-B’

In the inverse model of resistivity section of B—B' profile
line of 72 m stretch (Fig. 5b), it is observed on the surface
that the weathered dolomites are encountered up to 8 m
followed by colluvium up to 51 m beyond which again
weathered dolomites are witnessed up to 55 m followed
by fresh dolomites up to 72 m (end of the scan length).
On the right flank of the landslide across depth, the col-
luvium layer extends up to about 2 m beyond which weath-
ered dolomites are encountered. Also, an existence of a
boulder of somewhat fresh dolomite at a depth of 2-4 m
just beneath the colluvium layer at around 25-34 m along
profile line can be interpreted on the right flank. On the
left flank of the landslide area at 42 m on surface scan line
across depth, the colluvium layer also extends up to about
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2 m followed by a thin layer of weathered dolomites of
about 0.5 m up to 2.5 m depth beyond which fresh dolo-
mites are encountered up to a depth of 6.5 m followed by
the weathered dolomitic layer again. On the left flank, the
fresh dolomitic layer at a depth of 2.5 m extends from
37.5 to 55 m along the profile line and then appears on
the surface from 55 to 72 m. Across depth this fresh dolo-
mite layer extends gradually from 3 m depth at 37.5 m on
surface up to 9 m depth at 48 m on surface. This indicates
that this layer is unaffected by the weathering process. The
colluvium at central section of the scan line (at 36 m on
surface) extends all across the depth of interpretation (i.e.,
12.9 m depth) and achieves a width of 9.5 m (from 31 to
40.5 m on surface) at a depth of 6.5 m onwards. This over-
all inverse model of resistivity section gives an impression
of an existing natural drain at the central portion of this
profile line on the landslide slope which has been buried
with time by slided colluviums (refer to Fig. 5b).

Interpretation of ERT Profile Line C-C’

Along the profile line of the inverse model of the resis-
tivity section of C—C’ (Fig. 5¢) on the surface, weathered
dolomitic strata has been encountered up to 14 m initially
with colluvium from 9 to 12.5 m, at 21.5-36.0 m and
39-45 m up to a depth of almost 4.0-4.5 m uniformly.
Beyond the weathered dolomitic layer, fresh dolomitic
bed rock is encountered all around up to a maximum
interpretable depth of 12.5 m along with two surface
exposures at 14.0-21.5 m and 36-39 m along profile
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line. On surface from 45 m till the end of scan line, the
colluvium layer is encountered initially up to a depth of
4 m and tapering up to a depth of 2 m at the end of the
scan line.

Interpretation of ERT profile line D-D’

It could be observed from the inverse model of the resistivity
section of D-D’ profile line (Fig. 5d) along the hill side road
section of the landslide slope that on the surface all along
the profile line colluvium layer is encountered except from
6 m up to 16 m where weathered dolomites are encountered
up to an average depth of 3 m. All across the scanned depth
also the colluvium layer is interpreted except few encounters
of weathered dolomites such as from 30 to 40 m on surface
beyond 2.5 m depth up to the scanned depth (i.e., 17.2 m)
and a small patch from 48 to 52 m on surface at a depth
from 1 m up to 4 m. The appearance of a thick deposit of
colluvium almost all along the profile line of 94 m on road
side is in agreement with the observed fact that this is the
depositional area at the toe of the active landslide (Kanungo
et al. 2013) where thick deposit of debris/colluvium can be
expected.

Interpretation of ERT profile line E-E’

It is interpreted from the inverse model of the resistivity
section of E-E’ profile line (Fig. 5e) on the valley side road
section of the landslide slope that on the surface along the
profile line colluvium layer is encountered from the begin-
ning up to 70 m with an initial average depth of 2-3 m up
to 26 m on surface and then with a gradually increasing
depth up to maximum 17.2 m (equivalent to scanned depth)
up to 56 m on surface along the profile line. Beyond this
colluvium layer, weathered dolomite layer is encountered.
Beyond 70 m on the surface along the profile line, weathered
dolomites of around 1-2 m thickness are underlain by fresh
dolomites. This interpretation of thick colluvial deposits
reiterating such interpretation in case of ERT profile line
D-D’ (refer to "Interpretation of ERT Profile Line D-D'")
can again be inferred as the depositional area at the toe of the
active landslide (Kanungo et al. 2013) where thick deposit of
debris/colluvium can be expected. Further, these interpreta-
tions can give an idea about the width of the depositional fan
of the order of about 90 m on hill side and 70 m on valley
side (as the weathered and fresh dolomite exposures may
have restricted the deposition beyond 70 m) at the road level.

Interpretation of ERT profile line F-F’
It may be interpreted from the inverse model of the resistiv-

ity section of F—F' profile line (Fig. 5f) along the landslide
slope across the contours on the left flank of the landslide

that from the top along the slope up to initial 6 m collu-
vium is encountered; 6—8 m weathered dolomites; 8—32 m
almost fresh dolomites with a very thin cover of weathered
dolomites at places; 32—63 m again weathered dolomites;
63-66 m fresh dolomites; 66—69 m weathered dolomites;
69—74 m colluvium; 74—82 m weathered dolomites; and then
from 82 m up to the end of the scan line again colluvium lay-
ers are encountered. Across the depth perpendicular to the
sloping surface, the weathered dolomites from 32 to 63 m
on surface are underlain by fresh dolomites beyond a depth
of 5 m initially and beyond 1.5 m in the later part. Just above
the road level, there is a mixed signature of colluvium and
weathered dolomites from 68 m till the end of the profile
line across the depth of the ERT interpretation at the toe of
the landslide. This interpretation from ERT is also in agree-
ment with the visual observation from the site and further
supports the findings from ERT profile lines D-D’ and E-E’
(refer to "Interpretation of ERT Profile Line D-D'" and
"Interpretation of ERT Profile Line E-E'" and Fig. 5d, e) on
depositional area at the toe of the active landslide (Kanungo
et al. 2013).

Correlation of the results and combined
interpretation

It is to be noted here that the boreholes were made on the
landslide sloping surface vertically down and the borehole
logs were interpreted accordingly. However, the electrodes
for the ERT survey were put into the landslide sloping sur-
face vertically down and 2D ERT images are created on the
plane perpendicular to the sloping surface. Therefore, all the
resistivity interpretations made in the present study depict
the depths perpendicular to the sloping surface of the land-
slide, whereas the borehole logs depict the depths vertically
down the ground surface. Still to obtain a comparative visu-
alisation, depth wise information from ERT and borehole log
on different planes is put together (Fig. 5Sa—c).

If the borehole log of BH-1 is superimposed on the ERT
profile of A—A’ (Fig. 5a) at about 18 m along the profile
line, it is revealed that the interface between colluvium and
weathered dolomite layers at 9 m depth are almost match-
ing. Beyond 9 m depth, the information from ERT image is
unavailable. So, it could not be correlated with the borehole
log. However, the extrapolation of the interface between col-
luvium and weathered dolomite layers can be correlated with
that of borehole log (Fig. 5a).

When the log of BH-2 is superimposed on the ERT pro-
file of B—B' (Fig. 5b) at about 25 m along the profile line,
it can be observed that the top colluvium layer is almost
existing in both borehole log and ERT section up to a depth
of 1.5 m. Beyond 1.5 m depth, BH-2 log displays colluvium
along with boulders of dolomites up to 6 m whereas the ERT
section B-B' reveals initial thin layer of weathered dolomite
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and then boulder of fresh dolomite up to about 4 m. Beyond
6 m depth along the borehole, again a matching of weath-
ered dolomite layer is observed both from ERT and bore-
hole interpretations. Though there is a mismatch between
borehole interpretation (colluvium with boulders) and ERT
interpretation (weathered dolomites with boulders), it can be
interpreted in this case as colluvium with boulders because
of the fact that borehole information is more authentic in
comparison to ERT result and the colluvial material can be
produced from the weathered dolomites. This mismatch in
depth interpretation of material layer may also be attributed
to the ERT and borehole log information on different planes
with respect to the sloping ground.

As the log of BH-3 is cross correlated with the ERT pro-
file of B-B’ (Fig. 5b) at about 42 m along the profile line, it
can be observed that the top colluvium layer is matching in
both the subsurface sections. However, the subsequent layer
across depth from 1.5 to 6 m is interpreted as initial thin
layer of weathered dolomites followed by fresh dolomites in
ERT image, whereas it is observed as weathered dolomites
in drilling cores. Similarly, the subsequent material from 6
to 10.5 m depths is interpreted as initial thin layer of fresh
dolomites followed by weathered dolomites in ERT image,
whereas it is observed as fresh dolomites in drilling cores.
Beyond a depth of 10.5 m, weathered dolomites are inter-
preted by both ERT and borehole methods. Hence, there is
a mismatch in the weathering status of material from 1.5
to 10.5 m depth though the parent rock dolomite could be
interpreted from ERT results and ascertained with the drill-
ing cores. Therefore, the limitation in interpretation of the
weathering status of the rock strata from ERT inverse image
may be looked into with further research on this aspect. This
also can be resolved with both pre- and post-monsoon ERT
results for identifying the water-saturated zones vis-a-vis
borehole results as investigated by many researchers (Lap-
enna et al. 2005; Heincke et al. 2010; Jomard et al. 2010;
Bievre et al. 2012; Akpan et al. 2015; Crawford 2018;
Hazreek et al. 2018; Khalil et al. 2018) instead of only pre-
monsoon data as done in this present case study. Also, this
mismatch in depth interpretation of material layer may also
be attributed to the ERT and borehole log information on
different planes with respect to the sloping ground. Further,
adoption of a better drilling technique of wireline triple tube
rotary drilling over a double tube rotary drilling method for
such exploratory investigation may ascertain better core
recovery without mechanical breakage and core losses in
the drilling process and thereby can address such mismatch
and doubts on the strata.

As the core log of BH-4 is superimposed on the ERT
profile section of C—C' (Fig. 5¢) at about 10 m along the
profile line, it can be correlated that in both the sections the
sequence of appearance of all the three layers (colluvium,
weathered dolomites and fresh dolomites) is same. There is
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a perfect match in the interface of colluvium and weathered
dolomite layers in both the results. Also, the extrapolation
of fresh dolomites as interpreted in ERT image down the
depth will match with the fresh dolomites obtained from
the drilling cores beyond 8.5 m depth. However, there may
be a mismatch in the interface between weathered and fresh
dolomite layers across depth. Though the parent rock dolo-
mite could be interpreted from both the investigation results,
the possible reason and further research on such aspects have
already been discussed in the previous paragraph.

The core log information of BH-5 and 6 could not be
correlated with any of the ERT profile sections as these loca-
tions do not coincide.

From the above information and correlation, it could be
stated that the types of materials/lithologies, subsurface
interfaces between different material layers, probable slip
surface and the depositional area at the toe of the landslide
could be revealed in a successful manner to a great extent
based on the integration of various information obtained
from previous work on the particular landslide (Kanungo
et al. 2013), related works by other researchers (Drahor et al.
2006; Yilmaz 2007; Jomard et al. 2010; Heincke et al. 2010;
Jager et al. 2013; Reci et al. 2013; Fikos et al. 2014; Panek
et al. 2014; Giocoli et al. 2015; Kaczmarek et al. 2015;
Souisa et al. 2015; Ardi and Mimin 2016; Ling et al. 2016;
Popescu et al. 2016; Zhang 2016; Asriza et al. 2017; Kamin-
ski and Zientara 2017; Strelec et al. 2017; Rezaei et al. 2018;
Crawford et al. 2018; Claudio et al. 2018; Bellanova et al.
2018; Pappalardo et al. 2018; Mita et al. 2018) and present
investigations through boreholes and ERT surveys. This also
helped in overcoming the shortcoming of localised informa-
tion at places of surface exposures of all the material lay-
ers based only on physical mapping (Kanungo et al. 2013;
Strelec et al. 2017).

ERT based landslide model

Two lithological cross sections were drawn along profiles
X-X"and Y-Y' (as marked in Fig. 1) on the left and right
flanks of the landslide body, respectively, based on the inter-
pretations from the inversion models of different ERT sec-
tions (Fig. 6).

The X—X' cross section is intersected by the ERT pro-
files A—A’, B-B’ and C—C’ at 80 m, 61 m and 64 m on the
ERT scan lines, respectively, and at an elevation of about
1537 m, 1519 m and 1500 m, respectively. On the X—-X'
cross section at the intersection of ERT profile A—A’, col-
luvium layer up to 2.5 m depth, weathered dolomite layer
up to another 1.5 m depth and fresh dolomites beyond the
weathered dolomite layer were observed on the plane per-
pendicular to the sloping surface of the landslide. At the
intersection of X—X' cross section and ERT profile B-B’,
a thin layer with 0.5 m depth of weathered dolomites is
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Fig.6 Lithological cross sections along X—X' and Y-Y' (as shown in Fig. 1) drawn from ERT inversion sections (CL colluvium, WD weathered

dolomites, FD fresh dolomites)

underlain by fresh dolomites. At the intersection of X-X'
cross section and ERT profile C—C’, colluvium layer up to
2.5 m depth, weathered dolomite layer up to another 2 m
depth and fresh dolomites beyond the weathered dolomites
layer were observed on the plane perpendicular to the slop-
ing surface of the landslide. Combining these information,
a depth wise material model along X—X' profile section on
the left flank of the landslide could be established (Fig. 6). It
could be observed from this model that colluvium layers of
about 2.5 m thick are existing at the crown of the landslide
from EL 1550 m up to EL 1530 m and above the road level
(NH-58) from EL 1515 m up to EL 1478 m demarcating the
slip surface from the underlying weathered dolomites.

The Y-Y' cross section is intersected by the ERT pro-
files A—A’, B-B’ and C—C’ at 52 m, 42 m and 24 m on the
ERT scan lines, respectively, and at an elevation of about
1540 m, 1525 m and 1512 m, respectively. At the intersec-
tion of Y=Y’ cross section and ERT profile A—A’, collu-
vium layer up to 9 m depth, weathered dolomite layer up to
another 4 m depth and fresh dolomites beyond the weathered
dolomites layer were observed on the plane perpendicular
to the sloping surface of the landslide. On this cross sec-
tion at the intersection of ERT profile B-B’, sequentially
1.5 m depth of colluvium, a thin layer with 0.5 m depth
of weathered dolomites, 5 m depth of fresh dolomites, 8 m
depth of weathered dolomites again and fresh dolomites
beyond weathered dolomites were observed. Further at the

intersection of Y-Y' cross section and ERT profile C-C’, a
weathered dolomite layer of 4 m thick was observed to be
underlain by fresh dolomites. A depth wise material model
along Y-Y' profile section on the right flank of the landslide
could be established (Fig. 6) by combining these informa-
tion. From this model, a thick colluvium layer of about 9 m
thick at the crown and reducing gradually to a thickness of
about 1-1.5 m up to EL 1515 m could be observed which
demarcates the slip surface from the underlying weathered
dolomites of about 4-13.5 m thick.

It can be observed from both the X—X' and Y-Y' profile
models that the crown portion of the landslide on the right
flank (refer to Y=Y’ profile) has comparatively a greater vol-
ume of colluvium deposit with respect to the left flank (refer
to X—X' profile). Therefore, the crown portion of the right
flank is more vulnerable to sliding phenomenon and that of
the left flank is more prone to erosion. It can also be inferred
that during coming monsoon season with the sliding/erosion
of these overlying colluvium deposits the rain water may
further percolate into the underlying weathered and fresh
dolomites along the bedding planes to further deteriorate
the strength properties of these strata. Therefore, the sliding
phenomena will proceed to deeper levels and in a retrogres-
sive manner during monsoon seasons if adequate mitigative
measures are not implemented to protect the current sliding
process.
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Conclusions

The present work with an integrated approach for subsurface
investigation is the first such attempt in one of the land-
slides in Indian Himalayas and has been adopted using the
information obtained from six boreholes drilled on the land-
slide and six sections of ERT profiling across and along the
landslide from crown to the toe. This work has also been
strengthened by the research contributions on ERT applica-
tion for landslide investigation by various researchers. The
results reveal the reliability of ERT and borehole methods
in a complimentary manner in determining the depths and
types of different material/lithology layers, probable slip
surface and the extent of depositional fan at the toe of the
landslide area. It is observed that the ERT profiling could
delineate these features of the landslide in a continuous man-
ner; thereby overcoming the limitations of localised informa-
tion through borehole investigation and physical mapping of
surface exposures on cut-slope faces.

The disagreement in depth of material/strata in ERT and
borehole information shown on the same plane could be due
to their actual interpretations on different planes with respect
to the sloping surface of the landslide. The disagreement in
depth of interface between fresh and weathered strata in ERT
and borehole information could reveal the limitation in inter-
pretation of the weathering status of the rock strata using
ERT technique. This aspect can be looked into with further
research on interpretation of both pre- and post-monsoon
ERT images of the same profile lines for identifying the
water-saturated zones as investigated by many researchers
in the subject area. The present case study has a limitation of
using only pre-monsoon data and thereby could not delineate
any water-saturated zone across the depth. No water table
was also encountered during the drilling process.

Visualising the parallel ERT profile lines in sequence
from crown to the toe (i.e., AA'-EE’) of the landslide, it
can be observed that at the crown portion there is a huge
cover of colluvium (of the order of 9-12.5 m thick) at the
central and left flank of the landslide (AA' profile). Moving
down the landslide slope, in the middle part (BB’ profile)
of the landslide a thin cover of colluvium of the order of
1.5-2 m is interpreted along with a huge deposit of collu-
vium at the central portion probably along an existing drain.
Further down the slope (CC' profile line) no colluvium cover
is observed in the central and right flank area except on left
flank area of the order of 2.5-4 m thickness. At and around
the toe of the landslide (DD’ and EE' profile lines), there
is a huge accumulation of colluvial material due to sliding
in the past above which the road has been built. Based on
these interpretations, it can be stated that sliding has already
occurred from the lower portion of the landslide area expos-
ing the weathered and fresh dolomitic rocks which is also
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evident from the on-site field observations. However, there is
a huge cover of colluvium at the crown of the landslide and
to some extent in the middle part of the landslide which will
slide down in a retrogressive manner. Therefore, based on all
the interpretation made in the present case study, previous
work on this particular landslide (Kanungo et al. 2013) and
contributions in the related aspects from various research-
ers, it can be inferred that the Pakhi landslide is a retrogres-
sive landslide of translational debris slide in nature where
the slip surface exists at the interface of colluvial layer and
weathered dolomitic layer having a dip-slope relationship.

Further, based on the landslide model drawn from the
ERT interpretations, it can be stated that the crown portion
of the right flank is more vulnerable to sliding phenomenon
and that of the left flank is more prone to erosion. It can
also be inferred that during coming monsoon seasons with
the sliding/erosion of the overlying colluvium deposits the
sliding phenomena will proceed to deeper levels and in a ret-
rogressive manner with the aggravated weathering process
due to rain water seepage.

Therefore, such non-invasive geophysical ERT technique
for landslide investigation can be effective in association
with other investigation techniques for delineating the depth
and type of the landslide materials, geometry of the land-
slide across depth, slip surface and extent of depositional
area, etc. Such techniques will be quite useful in reducing
the number of boreholes for subsurface characterisation,;
thereby reducing the cost of the investigation and also with
minimum disturbance to the already unstable hill slope
through drilling. However, minimum drilling operation is
essential to properly interpret the depth and type of actual
material appearance in a complementary manner.
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