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Abstract: Identification of the processes involved in slope failure and understanding
their interaction is important for better management of mining scars along the southern

escarpment slopes of the Himalaya. The mining and associated anthropogenic processes

make the slope steeper than their repose angle varying from 19°to 23° introducing
instability into the system. Considering the pore water pressure, the threshold angle

reduces to 9°51". Measurements taken at the back wall of the mining scars reveal that
the thicknesses of the total soil are 4.5 m in mining pit 1 and 7.25 m in mining pit 2. The
thickness of saturated soil in mining pit 1 and mining pit 2 are 1.28 m and 1.30 m

respectively. The excavation makes the slope steeper and longer, removes the lateral
and basal support, disturbs the soil, favours infiltration and throughflow, and helps in

the increase of wet soil depth. All these changes and their combined effects alter the
geomorphic threshold of the system. The calculation shows that 94.05 mm and 39.53 mm
daily rainfall are critical for initiation of slide on mining pit-1 and 2 respectively.

Following Log Probability Law it has been calculated that 128.507 mm daily rain is
expected in this region at a recurrence interval of 2 years with 50% probability. The
critical slope height becomes 5.89 — 9.30 m for mining pit 1 and 7.80 — 9.30 m for pit 2.

As the slope angle and height on the scar face exceeds the critical values, debris slide
occurs during rain and the slope on scar face is reduced to that of the angle of repose
and the slope attains temporary stability through internal feedback in a process of
homeostatic adjustment.

Introduction

The evolution of hill slope is a complex
phenomenon influenced by the systematic
interaction between sets of physical and
manmade factors governed by geologic,
hydrologic, climatic, geomorphic and landuse
attributes. The seasonal mining from slopes
by excavation as well as by rat-hole drilling
during dry winter and subsequent action of
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rainwater on those mining scars and debris
during monsoon through sliding and washing,
set up a rhythmic process of de-stabilisation,
threshold generation and ultimate debris slide
for attaining new equilibrium. The seasonal
debris slide on the temporarily settled but
dislodged material is studied intensively for the
cognition of the processes interacting together
leading to the development of geomorphic,
hydrologic and geotechnical thresholds. Slope



failure is visualised as an episodic event which
occur as a result of exceeding the threshold,
that may be either intrinsic, gradual and
cumulative change in the internal structure or
extrinsic, imposed from outside by either
hydrologic or anthropogenic factors.
Assessment of the geomorphic attributes like
critical slope is of utmost importance as an
essential factor of instability in association with
co-efficient of friction, angle of repose, weight
of soil and slope angle on scar face (Jumikis,
1967; Melnikov, et al., 1969); porewater
pressure on potential sliding surface, depth of
potential shear plane, and bulk unit weight of
the sliding materials (Carson, 1975 ); thickness
of total soil, thickness of saturated soil, wet
soil density, density of water, angle of repose
and slope angle on scar face (Borga et al.,
1998). The threshold slope height is estimated
following Cullman (1866), Carson (1971) and
Terzaghi (1962). The hydrologic factors like
daily rainfall threshold in connection to slope
angle and regolith thickness (Gabet et al.,
2004), rainfall intensity, infiltration,
transmissibility, average slope on steep back
wall, slope curvature, wet soil density, density
of water and angle of internal friction (Borga
etal., 1998) are considered as a contributor of
slope instability. Montgomery and Deitrich
(1994); Deitrich and Montgomery (1998);
Fernandes et al., (2004) introduced another
set of variables like cohesion, gravitational
acceleration, etc. for an improved calculation
of threshold rainfall for initiation of slide. The
cognition of probable interaction among the
major factors helps in the assessment of
processes and in their management for the
restoration of slope to ensure optimum
utilisation of land and mineral resources
(Ahnert, 1977; Kirkby, 1980; Poesen, 1985 and
Ploey, 1982).

The study area

The stability of the slope has been greatly
disturbed at Tindharia located within

26°50"10""N to 26°50'40""N and 88°19'50"'E to
88°20'00""E, in Darjiling District of West
Bengal due to the mining of coal from the hill
slope through crude and traditional methods
by removal of slope cover, excavation to
remove overburden, tunnelling or rat-hole
drilling, back cutting etc. The slope in this
section is lithologically and tectonically
unstable being composed mainly of slightly
altered, crushed and friable quartzite and
carbonaceous sandstone, shale, slate, siltstone
and micaceous quartzite along with remarkable
presence of coal seams. The presence of coal
seams reduces the cohesion of soil and debris.
The crushed and friable nature of coal is due
to the intensive thrusting as these formations
are sandwiched between two thrusts — viz.
Main Boundary Thrust to the south and Dalling
Thrust to the north (Fig. 1). The thrusting
effects are pronounced on Damuda Shales
intercalated with semi-anthracitic coal seams.
Furthermore, the rat-holes and tunnels are
drilled on the temporarily settled upslope
materials which were dislodged in previous
slide during 1968 (Basu and Ghatowar, 1988).
Thus due to the removal of basal, lateral and
underlying support the slope becomes
extremely unstable. The tunnelling and back
cutting on temporarily settled debris develop
steep secondary slope on the margin of mining
pits, contributing to the generation of conditions
which invite debris slide in saturation condition
during every monsoon. The heavy rainfall
(more than 460 mm per year) results in deep
seated chemical weathering and the
development of expansion cracks lead
ultimately to block disintegration and landslide.
After the slide, the steepness of secondary
slope on pit margin or pit head reduces so that
the angle of repose gets temporary stability.
After the monsoon, in November the locals
either start reopening the pits by removing the
debris cover, or climb upslope for excavation
of fresh pit. More and more slope area thus
comes under this destructive action and the
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Figure 1. The location an

whole region is subsiding at a faster rate. The
subsidence is being manifested by the tilting
and development of cracks on the floor and
wall of the houses at Tindharia Cricket Colony
village lying immediately upslope of the
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d geology of the study area
affected area.

Materials and Methods

In order to investigate into the evolution of
mining-induced slope through cognition of the



systematic association of the processes leading
to the development of geomorphic thresholds,
repeated field surveys were conducted. The
processes acting on the concerned slope come
under two broad groups - the anthropogenic
processes and natural processes. The
anthropogenic processes include slope clearing,
excavation, back cutting, rat-hole drilling,
extraction of resource and down slope disposal
of debris and over burden material. The natural
processes include, sliding and down slope
washing of debris during monsoon in saturated
condition and is regulated again by two sets of
factors i.e. topographic and hydrologic. The
topographic factors mainly consider slope
steepness, slope length, contributing area and
concavity of the slope. These parameters are
measured in field in consultation with Survey
of India Topographical map (78B/5, on
1:50,000). Slope length and upslope contributing
area are measured by locating the divide on
the topographical map and measuring distance
from it. The concavity is measured by the ratio
between area (a) and contour length (b). The
measurement of width, depth, area and
gradient of the mining scar is done by field
techniques with appropriate accessories. The
depth of the slide scar is measured by holding
a measuring tape at both the margins of scar
and the other tape is allowed to hang. The
reading is then taken from the base of the
hanging tape. Margins of the scars are
surveyed by prismatic compass and total
station. The intensive survey of the mining-
cum-sliding scar is carried on by Abney’s level
at 0.5 m interval along radial lines originating
from lower most part of the scar. The altitudes
of the points at 0.5 m interval along the radial
lines are then estimated in reference to the
central base point of known altitude
determined by GPS. Repetitions of such
surveys help to generate a series of maps
which could be used for change detection in
length, width and area of a particular scar. An
attempt is also made to investigate into the

processes involved in the evolution of the
concerned scar. The rainfall data is collected
from Selim Hill Tea Estate situated within 250
m distance. Pore water pressure is calculated
after Carson (1975). The critical slope angle
for the initiation of slide is estimated after
Jumikis (1967), Melnikov et al. (1969), Borga
et al. (1998) and Carson (1975). The critical
height of steep slope is calculated after
Cullman (1866), Carson (1971) and Terzaghi
(1962). The total thickness of soil and that of
saturated soil during monsoon is measured
from slope cutting. The rain is the most
important factor for triggering slide by
introducing lubrication and increasing the
weight of soil in saturation condition. Thus it is
possible to determine the critical rainfall (r_)
which can cause instability after Borga ef al.,
(1998). The geo-technical factor like angle of
repose of the debris is measured by the method
proposed by Bloom (1991) and Pethick (1984).
The tangent of angle of repose of dry granular
materials is taken to be approximately equal
to the co-efficient of sliding friction of the
material or its mass friction (f) (Van Burkalow,
1945 and Bloom, 1991). The cohesion and
angle of internal friction is measured by tri-
axial compression test following Mohr stress
Diagram in the geotechnical laboratory of
Geological Society of India (GSI).

Results: Evolution of the mining pits

Mining and associated excavation, back-cutting
and removal of unconsolidated over burden
from steep mountain slope essentially develop
a scar on the slope surface (Fig. 2). The slope
on the back wall of the scar becomes steeper
and longer during mining season by further
back cutting and excavation (Fig. 3). Thus the
geomorphic threshold is attained which
ultimately leads to absolute instability in
saturated condition during next monsoon. The
depth of the scar decreases during rain by
partial filling of depressions with up-slope
materials supplied by sliding and slope washing
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Table 1. The Geomorphic attributes of mining pits 1 &2 and their evolution since Feb-2000

Max. Max. Max. Avg. | Affected | Steepness | Height | Thickness | Thickness Remark
Length | Width | Depth | Depth Area of Back of Back | ofthe total of the
(m) (m) (m) (m) (m?2) wall wall soil saturated
(deg) (m) (m) soi
()
Mining Pit-1
Feb 2000 | 12.75 10 575 1.25 72 60 4 45
Reduction of
Oct 2000 15 12 | 375 | 075 | 79.92 2 1.25 45 12 | Steepness,
height of back
wal by sliding
April 2001 215 21 5 05 184.5 45 45 45
June 2004 24 21.6 3 1 30037 2 0.75 45
Sep 2004 32 225 35 0.75 378 55 55 45 1.36
Reduction of
steepness,
Oct 2005 335 25 3 05 398 21 1.28 45 13 height of back
wall by sliding
Jan 2006 345 27 4 05 401 21 2 45
Mining Pit-2
Feb 2000 16 12.2 6 375 9%.48 50 6 7.25
Reduction of
steepness,
Oct 2000 20.15 15.75 4.6 3.00 162.5 31 15 7.25 1.25 height of back
wall by sliding
April 2001 22.30 18.25 35 225 216 45 .25 7.25
June 2004 2840 19.7 2.3 1.65 350 25 4 7.25
Sep 2004 32 2 4 250 400 50 6.30 7.25 1.35
Oct 2005
Jan 2006

(Fig. 4) (Basu and Maiti, 2001). Debris slide
on the mining scar occurs when the threshold
value is exceeded and thus the steepness and
length of the slope are reduced to attain
temporary stability. The result of the study
during February, 2000 to January, 2006 on
mining pit 1 and 2 is tabulated (Table 1). The
temporal change in size and shape of the mining
scars is represented by superimposing the
maps of different periods in Fig. 4a and 4b.
Both natural and anthropogenic processes are
active in an interactive combination resulting
in sliding that contribute to the spatial increment
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of mining scars which gradually spread upward
bringing more and more area under this
destructive operation.

Measurements taken at the back wall of
the mining scars reveal that the thicknesses
of the total soil are 4.5m in mining pit 1 and
7.25m in mining pit 2. The thickness of
saturated soil in mining pit 2 and mining pit 2
are 1.28 m and 1.30 m respectively. The value
of wet soil bulk density is found to be 1.96 g
cc! and density of water is 1.07 g cc'. The
angle of internal friction varies from 19° to
23° with an average of angle 21°. The



Table 2. Geotechnical attributes of slope forming materials at mining pits

Major Principal Stress (kgcm2) 1.83
Minor Principal Stress (kg cm2) 0.76
Normal Stress (kg cnm?) 1.10
Angle of Rupture (degree) 56
Angle of Internal Friction (degree) 21
Cohesion (kg cm-2) 0.06
Shear Strength (kg cm?) 0.50

saturated conductivity of the soil varies from
102 m s! for the soil depth less than 0.5 m to
10° m s for soil depth between 1 to 2 m
(Fenti, 1992; Freeze and Cherry, 1979 and
Bedinent et al., 2008). Based on these and
other data, Matteotti (1996) estimated the
transmissivity (T) of saturated soil to vary
between 5 and 30 m day !, with a mean value
of 15 m day ! (Borga ef al. 1998). For a soil
depth of 5 m the variation of saturated
hydraulic conductivity is estimated to be
between 1.0 x 10° to 9.0 x 107 m s!
measured by Permeameter. The field
observation on the near vertical mining scar
face during heavy rain shows an average of
12 cm h! vertical penetration of water with a
considerable variation in different soil horizons.
Considering this observed rate, the estimated
Transmissibility value becomes 12.96 and
20.80 m day! for pit 1 and pit 2 respectively.
This corresponds to Fenti (1992); Freeze and
Cherry (1979); Matteotti (1996); and Bedinent
et al. (2008). Result of the geotechnical
analysis shows that the constituent materials
are mainly cohesionless partially consolidated
debris.

Discussion

The investigation on the temporal change in
the slide scar reveals that slope evolution here
is subjected to a complex interaction between
physical and anthropogenic processes. Human
action of mining through back cutting leads to
the development of geomorphic threshold in

the form of slope steepness and slope height
which causes slope failure in saturation
condition during monsoon. Thus it is important
to estimate the threshold condition in terms of
steepness, slope height and critical rainfall.

Estimation of thresholds for initiation of
slide

THRESHOLD SLOPE ANGLE

The steepening of slope at the back wall of
the mining scar by back cutting, excavation
and tunnelling is mainly responsible for
instability, as the slope on the marginal
escarpment of scar becomes greater than the
angle of repose.

The stability equation (Equation 1; Table-
3) for a mass of loose, friable and cohesionless
debris after Jumikis (1967) and, Melnikov et
al. (1969) describes that angle of repose must
be greater or equal to the slope on scar face
for attaining unconditional stability. Carson
(1975) introduced pore water pressure to
estimate critical angle of slope failure (Equation
2; Table-3). Pore water pressure is calculated
by Jumikis (1967) and Terzaghi (1962)
(Equation 3; Table 3). The hydraulic head (dh)
is measured in field during rainfall from the
boreholes and horizontal distance between two
boreholes (dl) is measured with measuring
tape.

The other slope stability model (Equation
4; Table 3) for cohesionless material and slope
parallel seepage after Borga et al. (1998) also
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Table 3. The critical slope angle to initiate debris slide

Methods Jumikis (1967), Carson (1975) Borga et al. (1998)
Melnikov, Chesnokov
Fienbarg et al. (1969)

Formulae (WCos0 Tan¢) / Tan o = h_Ps(, Tan0) .
WSin6>1. ... (1) [(1-u/yz Cos? ) Tan¢ @ |z P Tang z - (4)
or, p=>0

(Introducing pore water pressure
(Dry Condition) in saturated condition) (Dry Condition)
a = Threshold angle of failure
Tan¢ = Co-efficient of u = Pore water pressure on h = Thickness of total soil
friction potential sliding surface z = Thickness of saturated
6 = Angle of repose zi depth of pot?ntlal shear Plaﬁme soil
o . y = Bulk 1.1n1t weight of the sliding| pg — wet soil density
W = Weight of soil materials .
6= Angle of repose Pw = Density of water
0 = Slope on scar face 6 = Angle of repose
u=rwdh/dl ceee(3) 0 = Slope on scar face.
Jumikis (1967) and
Terzaghi (1936)
u = seepage pressure,
rw = unit weight of water,
dh/dl = hydraulic gradient.

Threshold

Slope 0=21°-26° a=9°51' 0=21°-26°

Angle

supports the view of Jumikis (1967) and
Melnikov et al. (1969). All the stability
equations consider angle of internal friction as
the most important factor of instability that
depends on the material quality and amount of
moisture. The resistance to movement is
guided mainly by coefficient of internal friction.
The resistance declines as the moisture content
of the material increases and seepage pressure
increases. The average steepness of marginal
scarp slopes of the mining pits 1 and 2 are 53°
20" and 48°20' respectively, which exceeds the
angle of repose. In the present study the angle
of repose in sun-dry condition for the
concerned material varies from 21° to 26°. The
basic requirement for the short term stability
of the slope at marginal scarp of mining pits is
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to maintain the steepness near or less than 21°
(Table 3). But in maximum cases, during
mining season the scarp slope becomes twice
or sometimes thrice to that required for
stability and thus geomorphic threshold is
crossed and the steep slope declines by slope
failure to an angle of repose to attain short
term stability (Wallace, 1977).

THrRESHOLD SLOPE HEIGHT

Cullman (1866) and Carson (1971) attempted
the calculation of critical slope height by
equating material cohesion (c¢'), angle of
internal friction (¢) and unit weight of materials
(W) with slope steepness (0) (Equation 5;
Table 4). The critical heights for initiation of
slide are 5.89 m and 7.80 mrespectively (Table
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Table 4. The threshold slope height to initiate debris slide

Slope Parameters Mining Pit - 1 Mining Pit - 2
Slope on scar face (6 ) (Mining Period) 53°20' 48° 20’
Angle of internal friction (¢) 21° 21°
Wet soil buck density (Py) 1.96 g cc ' 1.96 g cc'
Density of water (Pw) 1.07 gcc | 1.07 gcc'
Cohesion (¢’ in kg cc?) 0.06 0.06
Critical height for initiation of slide (h,) 5.89m 7.80 m
Cullman,1866 and Carson,1971
p 2 ( Sin"“’s‘l’j ......... (5)

7 \1-cos(0—-¢)
y= Bulk unit weight of sliding material
Critical height for initiation of slide (Hc) 9.30m 930 m
Terzaghi (1962)

Sc

H, = SRR 6)
Sc = Compressive strength of the rocks
W = Unit weight of the rocks

4) for mining pits 1 and 2. Terzaghi (1962)
defined critical slope height as a ratio between
compressive strength of the rocks (Sc) and
unit weight of the rocks (W) (Equation 6, Table
4) and, based on this, the value for the study
area comes to 9.30 m (Table 4). Skempton
(1953) and Skempton and Hutchinson (1969)
in their experience in the development of steep
slope and its evolution through slides in the
glacial till of Durham county found a critical
slope height of 45 m at 30°-35° steepness. At
Tindharia, it is found that in saturated condition,
unconsolidated materials collapse before
attaining the critical height.

THRESHOLD RAINFALL

In absolutely instable condition, it is essential
to estimate the critical rain to initiate slide.
Borga et al. (1998) introduced a model
(Equation 6, Table 5) for assessing threshold
rain on unconsolidated materials in association
with transmissibility, average slope on steep
back wall, surface curvature, wet soil density,
density of water and angle of internal friction.
The rainfall of —91.41 mm day ! and —124.56
mm day ' are estimated to be critical for
initiation of slide on mining pits 1 and 2 (Table
5). As the slope on scar face exceeds the angle

of friction, absolute instability develops which
is indicated by the negative value of the critical
rain. The value becomes positive if the slope
becomes equal or less than the angle of internal
friction. To avoid this negative value for the
slopes greater than angle of internal friction,
Montgomery et al. (1998) and Fernandes et
al. (2004) introduced a formula for estimating
threshold rain and, according to it, the values
become 94.05 mm and 39.53 mm respectively
for mining pits 1 and 2. The variation of critical
rain from mining pit 1 to that of mining pit 2 is
due to the difference in the surface curvature.

A weather station at Selim Hill Tea Estate
situated 250 m northwest of the study area,
recorded that between 2000 and 2006, 52 days
received more than the critical rainfall required
to initiate landslides (Table 6).

The calculation of recurrence interval of
the catastrophic rains (those above the
calculated threshold) is done by log probability
law following Chow (1954) and Schwab ef al.
(2002).

Xe=x(1+CK)..ooovviiiiiin,

Xec: Calculated daily rainfall

x: Mean value of daily rainfall

C,: Coefficient of variation

K: Log Probability Frequency Factor
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Table 5. The critical rainfall to initiate debris slide

Mining Pit 1 Mining Pit-2
(T) = Transmissibility 12.96 m* day ' | 20.80 m® day '
(8) = Average slope on steep back wall 53920’ 48°20'
(b) = Contour length (m) 27 22
(a) = Runoff contributing area (m?) 1404 968
(ps) = Wet soil density 1.96 gcc! 1.96 g cc!
(pw) = Density of water 1.07 gcc! 1.07 gec
(¢) = Angle of internal friction 21° 21°
Critical rainfall for setting instability (r,, in mm day ") (Borga et al., 1998)
r =T2sing PS(I _Tan6 J v 6)
a  Pw( Tang 91.41 12456
Critical rainfall for setting instability ( Q. in mm/day)
(Montgomery and Deitrich, 1994; Deitrich and Montgomery, 1998; Fernandes
et al., 2004)
%:ésine[ C;+PS(1—TM9)----------(7) 94.05 39.53
a pygzcos” Otang Pw Tang
Table 6. Storm rainfall between 2000 and 2006
2000 | Rainfall 2001 Rainfall | 2002 Rainfall 2003 Rainfall 2004 Rainfall | 2006 Rainfall
(mm) (mm) (mm) (mm) (mm) (mm)
20 June 95.5 23 May 103.5 10 June 2227 7 June 125.0 3 June 146.5 24 May 88.9
26 June 183.5 28 July 150.0 28 June 93.5 9 June 100.0 19 June 133.0 28 May 101.6
31 July 134.5 29 July 160.0 29 June 120.5 23 June 203.0 7 July 175.0 27 June 111.7
3 Oct 100.0 30 July 112.5 20 July 120.0 26 June 179.0 12 July 200.5 14 July 103.6
4 Oct 90.0 19 Aug 150.0 21 July 124.5 29 June 196.5 9 Sep 98.7 18 July 102.0
31 Aug 120.5 23 July 100.0 7 July 273.5 27 Sep 95.5 25 July 924
17 Sep. 89.5 27 July 120.5 8 July 162.5 5 Aug 1143
3 Oct 130.0 18 Aug 145.5 21 July 146.5 25 Aug 89.4
23 Sep. 106.2 28 July 148.5 28 Aug 102.6
30 July 100.0 16 Sep. 115.5
10 Aug 191.5 25 Sep. 116.3
31 Aug 107.5 26 Sep. 90.5
I]‘;‘;y"sf 5 8 9 12 6 12
Total 603.5 1016 1153.42 1933.5 849.2 1228.8
Average 120.7 127 128.15 161.12 141.53 102.4

(Calculated after Chow, 1954)

The calculation shows that 91.41 mm
day! and 124.56 mm day' rainfall are the
threshold rain for mining pits 1 and 2
respectively and the analysis of return period
shows that 128.51 mm daily rain has a
recurrence interval of 2 years with 50%
probability following Chow (1954). That means
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there is a high possibility for the rainfall to cross
the geomorphic threshold for initiation of slide
in every alternate year.

Conclusion

Anthropogenic actions make the slope steeper,
destabilise the materials and increase the
concavity of surface by removal of overburden
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