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Abstract 

The high groundwater activity typically found in landslide bodies favors electrical resistivity methods to characterize 
the subsurface of landslides. The more water present, the more the current injection into the ground and thus greater 
the depth of penetration. Furthermore, this generates a higher contrast between the stable and the unstable mass 
of the landslide. Being a cost-effective and a flexible approach to characterize landslides, 1-D electrical resistivity sur-
veys have the ability to acquire point data similar to borehole logs, thus allows to detect and highlight anomalies of 
groundwater flow and groundwater build up. These parameters could change from point to point due to the inherit 
disturbed nature of landslides. A preliminary vertical electrical sounding survey using Schlumberger electrode con-
figuration was carried out along the axis of a creep-type landslide in Badulusirigama, Badulla, Sri Lanka. Four survey 
points were established for the preliminary VES survey. Each survey line spanned 140 m in length. The data revealed 
the presence of two types of layers with high (200–370 Ω m) and low (20–60 Ω m) apparent resistivities. Another resis-
tive layer with an apparent resistivity around 100–140 Ω m was found to be sandwiched in the clay layer which was 
significant to the landslide body and interestingly was not observed in the borehole logs. Furthermore, the southwest 
inclination of this sandwiched layer explained the southwest region of the landslide being highly active in terms of 
groundwater discharge through horizontal drains. The bedrock was not detected at three of the survey points high-
lighting the thick clay layer present in the landslide body. This preliminary survey revealed the general anatomy of the 
landslide along its axis in terms of the number of layers, type of layers, their thicknesses, the presence of water, and 
their resistivities.
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Introduction
A landslide is a mass movement of earth material driven 
by gravity. They are classified based on the type of 
material being displaced and type of movement which 
includes falls, topples, slides, flows, and lateral spreads 
(Varnes 1978). In most cases one or more types of these 
movements are found to be involved in landslides which 

can be described as a complex movement. Forces which 
cause a landslide to occur are called triggering factors 
and these vary between natural causes, such as precipi-
tation, earthquakes, and volcanic activities to human 
activities, such as improper land use (Gill and Malamud 
2014). These triggering factors tend to result an imbal-
ance between the forces driving the failure and forces 
that are resisting the movement and will favor failure 
when the driving forces overwhelm the resisting forces 
involved.

The concept of the factor of safety is developed based 
on the ratio between the sum of resisting forces and the 
sum of diving forces acting on a particular earth material 
mass on a slope due to gravity. Precipitation, the major 
triggering factor of landslides, causes the driving forces 
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to increase while decreasing the resisting forces. With 
increasing water content in soil, the friction angle of that 
particular soil decreases and causes the soil to achieve 
stability at an angle less than that of the soil when it is 
dry. Adding to the adversity, a series of transformations 
causes the soil to surpass the liquid limit after which the 
particular soil behaves similar to a liquid. First, a thin film 
of water develops on the surface of the soil particles as 
water is introduced to a certain mass of dry soil (Fig. 1). 
This phenomenon is called as adsorption.

As the water content increases further the voids among 
soil particles are filled with water and the soil achieves 
saturation. When more water is introduced, water gen-
erates pressure in the pores (pore water pressure) which 
acts outwards on the soil particles. This pushes the soil 
particles away from each other and causes the friction to 
decrease by the reduction and finally the loss of grain-
to-grain contacts. The pore water pressure (u) further 
reduces the normal stress (σ) and the resulting stress is 
called as “Effective normal stress (σ′)” (Lu et  al. 2010) 
which is always less than the dry normal stress and is 
given by

or in terms of forces

The accumulation of water in voids in between soil par-
ticles adds to the weight of the soil making wet soil heav-
ier than an equivalent volume of dry soil. This increases 
the driving forces. This phenomenon where the driving 
forces increase while resisting forces decrease is initiated 
with the introduction of water to a dry slope. The natural 
source which dumps water onto the earth’s surface is pre-
cipitation and it triggers the adverse chain of transforma-
tions in soil described above which ultimately could lead 
to a landslide. Thus, detection of presence and activity of 
water is crucial in mitigating landslides.

Currently, borehole logs are used to delineate the sub-
surface of landslides. Due to this approach being costly 
and time consuming, only a few boreholes are drilled. The 
conventional interpolation technique is then followed 

σ ′
= σ − u

σ ′
A = σA−uA = W cosβ − uA.

to generate the sub surface profile in between the bore-
holes. The inherit disturbed nature of the landslide sug-
gests that critical parameters, such as groundwater 
flow, groundwater accumulation, and the geology, could 
change even over a small area of the landslide body. Thus, 
interpolating between boreholes in such a disturbed body 
could easily misinterpret the real anatomy of the land-
slide subsurface.

Geophysical approaches seems to be ideal to solve this 
issue as they would provide data over an area (Everett 
2013; Kearey et al. 2001). Furthermore, the abundance of 
water present in landslide masses favors electrical resis-
tivity methods over other geophysical methods, such as 
seismic reflection (Bruno and Marillier 2000; Ferrucci 
et al. 2000; Bichler et al. 2004), seismic refraction (Kearey 
et al. 2002), seismic tomography (Meric et al. 2005), elec-
tromagnetic methods, Ground Penetrating Radar (GPR) 
(Bichler et al. 2004), and gravimetric studies (Del Gaudio 
et al. 2000). The more water present, the higher the cur-
rent injection into the ground and thus the deeper the 
penetration depth. Thus, before conducting an advance 
2-D ERT survey a preliminary 1-D survey would reveal 
the most basic but vital data such as the number of layers, 
type of layers, their thicknesses, the presence of water, 
and their resistivities. Furthermore, a geological pro-
file could be developed based on the apparent resistivity 
curves which could then be correlated with the geologi-
cal profile developed based on borehole data. This set of 
correlated data then could be used as a site specific key 
to delineate the subsurface at any given point on that par-
ticular landslide. This eliminates the need for multiple 
boreholes to be drilled and in turn would be economical 
and time saving.

The site
The Badulusirigama landslide is a deep-seated landslide 
located adjacent to the Uva Wellassa University prem-
ises in the Southeastern flank of the Central Highlands 
of Sri Lanka (Lat/Lon 6.980315 N/81.075787 E) (Fig. 3). 
The landslide covers an area of around 18 acres and sits at 
an elevation of 790 m above mean sea level in the Badu-
lusirigama village (Nature based landslide risk manage-
ment project in Sri Lanka, 2019).

The source rock in the region is a quartzofelds-
pathic gneiss (057/17). Three layers corresponding to 
a weathering profile were identified from 6 borehole 
surveys conducted by the NBRO (Fig.  13): A colluvium 
with a thickness of around 9–13  m, a highly weathered 
layer beneath the colluvium with a thickness varying 
from 5 to 15 m, and a slightly to moderately weathered 
rock layer at the base (Monitoring Report No. 8 May 
2016, NBRO). This particular site was selected with the 
objective of comparing and contrasting the geological Fig. 1 Adsorption (Lu and Mitchell 2019)
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profile developed by borehole data with the VES profiles 
developed.

Methodology
Four 1-D VES surveys (P1, P2, P3, and P4) were carried 
out along the axis of the landslide from its crest to the 
toe (Fig. 3). Each survey line spanned for 170 m in length. 
Current electrode spacing (AB/2) and potential electrode 

Table 1 Electrode spacing

AB/2 (m) 1.5 2 3 3 5 7 10 10 15 20 30 40 50 50 70

MN/2 (m) 0.5 0.5 0.5 1 1 1 1 2.5 2.5 2.5 2.5 2.5 2.5 7 7

Fig. 2 Schlumberger array setup (A & B: Current electrodes, M & N: 
Potential electrodes) (Rolia and Sutjiningsih 2018)

Fig. 3 Landslide area shown on a drone image (Landslide Research and Risk Management Division, NBRO)
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Fig. 4 a Curve matched from RESIST software for P1, b Geological profile for P1

Fig. 5 a Curve matched from RESIST software for P2, b Geological profile for P2
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spacing (MN/2) followed in the survey are given in 
Table 1.

The potential difference (V) between M and N potential 
electrodes is given in Eq. (1) (AL-Menshed 2018).

where ρ is the apparent resistivity, I is the current, d1, d2, 
d3, and d4 are the distances between electrodes (Fig. 2).

By rearranging,

The geometrical factor (k) is given by

And thus, the apparent resistivity is given by

where V/I = R (resistance) (AL-Menshed 2018).
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Iρ
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The geometrical factor k was calculated using Eq.  (3) 
and the distances (d1, d2, d3, and d4) between potential 
electrodes (AB) and current electrodes (MN). The appar-
ent resistivity values were calculated from the measured 
resistance values and the geometrical factor values were 
calculated from the survey based on Eq. (4) (Table 2). The 
corresponding apparent resistivity curves were plotted 
on a logarithmic scale using the RESIST software (Van-
der Velpen and Sporry 1993) and Microsoft Excel. The 
matched curves were used to determine the number of 
layers, their apparent resistivity values, layer thicknesses, 
and depth to each layer (Fig. 3).

Results and discussion
Three zones with high apparent resistivity, low apparent 
resistivity, and apparent resistivity around 90–140  Ω  m 
were found at survey point P1 (Fig.  4). The overbur-
den shows a relatively high apparent resistivity around 
225 Ω m compared to the clay layer which sits beneath 
it. But, the apparent resistivity of the overburden on the 
landslide is significantly low compared to the appar-
ent resistivity values of the overburden (400–600  Ω  m) 
found on the stationary mass outside the landslide. A 
highly weathered water bearing layer (clay) with a thick-
ness of around 10 m and with significantly low apparent 

Fig. 6 a Curve matched from RESIST software for P3, b Geological profile for P3
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resistivity around 35 Ω m is present below the overbur-
den. Another formation lies below this layer at a depth 
around 13 m with an apparent resistivity about 95 Ω m, 
which suggests the presence of fresh water (Saad et  al. 
2012). This could be a weathered layer saturated with 
water. And the clay layer can be seen beneath this layer 
repeating itself. Bed rock is not detected at the surveyed 
depth at P1.

The weathered saturated layer is almost exposed to the 
surface at survey point P2 (Fig. 5). The clay layer is around 
23 m thick at this survey point. The relatively high appar-
ent resistivity values and the trend of the curve forming 
the characteristic near 45° ascend at the end marks the 

bedrock. At P3, the apparent resistivity values around 
140 Ω m and the near horizontal trend of the curve (the 
conductivity through water is constant) (Fig.  6) suggest 
the presence of fresh water (Saad et al. 2012). The char-
acteristic clay layer continues from P1 and P2 and could 
be seen at a depth around 31 m at the survey location P3.

At P4, the weathered saturated layer with an apparent 
resistivity around 260  Ω  m is seen below a thin over-
burden and it transitions to a layer with a higher appar-
ent resistivity which is around 650 Ω m. This could be a 
representation of a weathering profile where weathering 
reduces with depth and resistivity rises simultaneously 
reflecting the intact rock beneath.

Similar to the survey location P1, the alternating high 
and low resistivity layers are seen at survey point P4 
(Fig. 7). The clay layer is present at a depth around 10 m 
beneath the resistive layer which should be a residual 
body left from the weathering process. This clay layer is 
visible at all survey points and sits relatively shallower 
in the landslide body compared to locations outside the 
landslide boundary (Christopher et  al. 2020). The bed 
rock is not detected at P1, P3, and P4 locations in the 
landslide mass. This might either be because the depth of 
penetration yielded by the electrode configuration used 
is not sufficient or the bed rock is located further deep 
in the landslide body compared to the survey locations 
outside (VES 02, 03, and 04) the landslide where the bed 

Fig. 7 a Curve matched from RESIST software for P4, b Geological profile for P4

Fig. 8 Interpreted geological profile along survey points P1, P2, P3, 
and P4



Page 7 of 10Christopher et al. Geoscience Letters           (2023) 10:18  

rock was found at a depth around 31–40 m (Christopher 
et al. 2020).

The weathered saturated layer sandwiched in the clay 
layer is a significant feature seen in the resistivity profiles 
of P series survey points (Figs. 8, 9, 10). A similar anom-
aly was detected during the first VES series survey at sur-
vey point VES 01 (Fig.  11; Christopher et  al. 2020) and 
the data gathered in the later P series survey supports 

the fact that it is truly an anomaly rather than an error in 
data acquisition. This slightly resistive anomaly which has 
an apparent resistivity more than the apparent resistivity 
of clay was not observed in the VES series survey points 
which were located in the stationary mass (VES 02, VES 
03, and VES 04). This might explain why the northeast 
section of the landslide was found dry compared to the 
southwest section which had highly active horizontal 

Table 2 Measured resistance values and calculated resistivity values

AB/2
(m)

MN/2
(m)

k P1 P2 P3 P4
Apparent resistivity 
(Ω m)

Apparent resistivity 
(Ω m)

Apparent resistivity 
(Ω m)

Apparent 
resistivity 
(Ω m)

1.5 0.5 6.300 200.5231 56.7497 120.1126 428.6039

2 0.5 11.800 210.6921 45.2569 101.0738 404.9111

3 0.5 27.489 167.1433 34.2995 121.2132 379.1871

3 1.0 12.566 177.8997 42.1899 125.3367 348.5216

5 1.0 37.699 117.7500 33.2648 149.3622 307.5503

7 1.0 75.398 77.22403 33.7432 158.3006 270.7107

10 1.0 155.510 44.8748 30.7080 158.0644 252.1877

10 2.5 58.905 49.97347 27.6534 161.2447 242.0847

15 2.5 137.500 37.54622 22.9842 149.3207 356.7749

20 2.5 247.500 39.3750 25.8026 167.1195 392.9798

30 2.5 562.000 49.49515 25.1692 178.8924 123.4805

40 2.5 1001.000 41.07558 38.6438 137.7926 93.0181

50 2.5 1567.000 65.43489 132.4376 160.0077 68.9900

50 7.0 549.724 53.51975 34.7194 56.1659 60.2767

70 7.0 1088.010 28.70739 63.8129 62.5293 62.5293

Fig. 9 Cross section of the subsurface across the width of the landslide between P2 and VES 03
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drains. The inclined orientation of the bedrock along the 
southwest direction (Fig.  9) could direct groundwater 
flow southwest bound, resulting in the southwest section 
to have highly active horizontal drains.

Another significant observation made is that all the lay-
ers present in the landslide mass tend to show relatively 
low resistivity values compared to locations outside the 
landslide boundary. This is clearly highlighted in Fig. 12 
where resistivity curves corresponding to the survey 
points on the landslide body (P1, P2, P3, and P4) are 
below the resistivity curve corresponding to the survey 
point VES 02 which is located outside the landslide body. 
Similar observations were made by Caris and Van Asch 
in a 1-D VES study conducted in 1991. This could be due 
to the abundance of groundwater present in the land-
slide body compared to the stationary mass outside the 
landslide boundary. Additionally, the orientation of the 
weathered saturated layer (Fig. 8) might be the reason for 

the horizontal drain near P2 location to yield the highest 
flow rate over a long period of time.

Correlation between the geological profiles developed 
based on borehole data and VES data
Figure 13 illustrates a geological cross section derived by 
interpolating data from six borehole surveys conducted 
along the axis of the landslide by the National Building 
Research Organization. The four 1-D VES survey points 
(P1, P2, P3, and P4) along the same axis are marked on 
the cross section for a comparison of the borehole-
derived profile and the VES profiles. At survey point P1, 
the overburden with a thickness of around 2.4  m and 
the clay layer with a thickness of around 10.7  m seems 
to accurately represent the thicknesses of the respective 
layers in the borehole data-derived section (Fig.  4). But 
at P2 the thicknesses clearly do not complement each 
other. The overburden thickness at P2 is much greater 
than the suggested 1  m by the VES profile and the clay 
layer is much thicker at around 23 m in the VES profile 
(Fig. 5) as opposed to the geological cross section. In this 
example one of either of the interpretations can be wrong 
since the geology of the location in question is developed 
by interpolation between two boreholes. And in a highly 
disturbed body the geological profile could change within 
a short distance in any direction.

Survey point P3 has the same behavior as the survey 
location P2. Finally at the survey point P4, the thickness 
of the colluvium in the geological cross section closely 
matches the thicknesses of the total thickness of the over-
burden and the weathered saturated layer (~ 5.7 m) com-
bined together in the VES section (Fig. 7). This is because 
the resistivity corresponds to geophysical layers rather 

Fig. 10 Apparent resistivity curves of the four VES points (P1, P2, P3, 
and P4)

Fig. 11 Apparent resistivity curves of the four VES points (P1, P2, P3, 
and P4) versus the apparent resistivity curve of survey location VES 01. 
(Note that VES 01 curve has the same disturbed nature as the survey 
points P1, P2, P3, and P4)

Fig. 12 Apparent resistivity curves of the four VES points (P1, P2, P3, 
and P4) versus the apparent resistivity curve of survey location VES 02. 
(Note that VES 02 curve is much smoother and follows a certain trend 
oppose to curves at survey points P1, P2, P3, and P4 with a highly 
disturbed trend)
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than geological layers. The colluvium is detected as two 
separate layers by the resistivity meter due to the partial 
saturation of the layer.

Conclusion
This study revealed the basic subsurface structure of the 
landslide along its axis. It is clear that 1-D VES surveys 
are effective and efficient in generating a first approxi-
mation about the number of layers, their thicknesses, 
the presence of the water-bearing layer and the depth to 
the bed rock. Apparent resistivity values in the landslide 
body were lower compared to the stationary mass out-
side the landslide boundary. This is highlighted in Fig. 12 
by the flatter trend of the apparent resistivity curves rel-
evant to the survey points located in the landslide body 
(P1, P2, P3, and P4) compared to the ones out on the sta-
tionary mass (VES 02). This is due to the abundance of 
water present in the landslide mass which lets the current 
flow through water in pore spaces rather than through 
soil particles, which causes the current to flow against a 
constant resistivity value which does not increase with 
the depth. The clay layer is present along the axis of the 
landslide (owing to the presence of feldspathic gneiss in 
the region which has a high weathering capacity). The 
southwest sloping weathered saturated layer sandwiched 
in the clay layer could be the reason for the landslide to 
be dry on the northeast section and wet on the southwest 
section.

VES surveys are a quick, cost-effective and a flexible 
method of delineating the subsurface of a landslide at a 
given point compared to borehole investigations. How-
ever, a more precise picture of the landslide body can be 
derived by using both borehole investigations and VES 
surveys combined. Together, borehole logs would reveal 
the accurate thicknesses of layers involved at specific 
points, while the VES data would reveal the presence 

of groundwater at those points. Thus, the ability of VES 
surveys to be used in filling the gaps between borehole 
surveys could be studied in future research. The potential 
misinterpretations occurring from interpolating between 
boreholes could be minimized as a result.
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