
Vol:.(1234567890)

Indian Geotech J (April 2024) 54(2):530–546
https://doi.org/10.1007/s40098-023-00784-7

1 3

ORIGINAL PAPER

An Empirical Approach for Quick Assessment of Hazard 
and Safe Height of Steep‑Cut Rock Slopes in Garhwal Himalayas

Lal Hruaikima1   · Mahendra Singh1   · 
Sarada Prasad Pradhan2   · Jaspreet Singh2,3   

Received: 13 April 2023 / Accepted: 26 September 2023 / Published online: 25 October 2023 
© The Author(s), under exclusive licence to Indian Geotechnical Society 2023

Abstract  Accessibility and all-weather functioning of 
the roads in Himalayas form the backbone of the overall 
development of the region. All-weather roads are being con-
structed in the region to cater to the needs of this region 
and provide quick accessibility to remote areas. Majority 
of roads are constructed along the hill slopes. Construction 
of new roads as well as the widening project involves the 
excavation on hill side of the slope. As a consequence, steep-
cut slopes are formed at the side of the road. In principle, 
adequate analysis and design is warranted while taking up 
construction activities. However, rigorous slope stability 
analysis for each section is not always feasible. The field 
engineers therefore rely on personal experience, judg-
ment and perception, especially when quick decisions are 
required. Looking at the problem and the importance of hill 
roads in the Himalayas, urgent need for developing site-spe-
cific tools is being felt in organizations dealing with mitiga-
tion activities in this region. The tools are required not only 
at the time of construction but also during the maintenance 
and emergent situation of natural disasters and also to look 

out for safe alternate routes. In the field of rock mechanics, 
rock mass classification systems have been found to be very 
effective in addressing similar problems. Rock mass rating 
(Bieniawski, in: Transaction of the South African Institution 
of Civil Engineers, 1973), slope mass rating (Romana in: 
International symposium on the role of rock mechanics in 
excavations for mining and civil works, International Society 
of Rock Mechanics, Zacatecas, 1985), geological strength 
index (Marinos et al. in Bull Eng Geol Environ 64:55–65, 
2005. https://​doi.​org/​10.​1007/​s10064-​004-​0270-5; Morelli 
in Geotech Geol Eng 35:2803–2816, 2017. https://​doi.​org/​
10.​1007/​s10706-​017-​0279-8; Marinos et al. in: Underground 
works under special conditions, 2010. https://​doi.​org/​10.​
1201/​noe04​15450​287.​ch2) and the Q systems (Barton et al. 
in Rock Mech 6:189–236, 1974. https://​doi.​org/​10.​1007/​
BF012​39496) have been used in the past. In the present 
manuscript, the applicability of the Joint Factor concept 
(Ramamurthy in Indian Geotech J 8:1–74, 1985; Ramamur-
thy and Arora in Int J Rock Mech Min Sci 31:9–22, 1994. 
https://​doi.​org/​10.​1016/​0148-​9062(94)​92311-6; Singh et al. 
in Rock Mech Rock Eng 35:45–64, 2002. https://​doi.​org/​
10.​1007/​s0060​30200​008) is extended to propose an empiri-
cal approach for quick assessment of hazard of rock slopes 
for cut slopes in Garhwal Himalayas. The main objective 
of the present study is to come out with a methodology to 
work out an approximate value of the safe height of steep-cut 
rock slopes. The study has been conducted on steep-cut rock 
slopes of Garhwal Himalayas. Site investigations followed 
by desk studies have been done to determine the important 
parameters of the discontinuities observed in the field. Joint 
Factor concept is used for evaluating the instability of cut 
rock slopes. Charts are suggested to assess the hazard and 
safe height of steep-cut rock slopes based on simple inputs 
which can be easily obtained in the field. Validation of the 
proposed approach was done by assessing the stability of 
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cut rock slopes from five different sites. It can be concluded 
that the observation made in the field and the result obtained 
from the chart are in agreement with each other.

Keywords  Slope stability · Joint Factor · Safe height · 
Rock mass classification

Introduction

In India, more than 15% of the total land area exceeding 0.49 
million sq. km is affected by landslides [10, 11]. Majority 
of these landslides are in the Himalayan region. Frequent 
failures along steep-cut rock slopes in these regions cause 
disruption to transportation facilities and pose massive threat 
to the social and economic growth of the region. The rocks 
encountered along hill roads are invariably intersected by 
geological discontinuities, mainly the joints. Complex geol-
ogy, adverse climatic conditions, anthropogenic activities 
and cutting of side slopes are considered to be the lead-
ing cause behind the large number of slides [12, 13] The 
removal of toe support due to the cutting of slopes results in 
an imbalance in the equilibrium of rock, which may lead to 
the failure of the slope. The landslide issue becomes more 
severe if a slope failure occurs on a transportation corridor 
which is lifeline of the region or near townships. During the 
last few years, the widening of roads in the Indian Himalayas 
has been taken up in a big way, especially in the Garhwal 
region [14, 15]. The widening is done by cutting the rock on 
the side slope to some height. Increased incidents of slope 
instability and road blockage are being experienced at many 
places indicating unsafe rock cut height at the section. The 
agencies involved in mitigating activities need tools and 
techniques for quick hazard assessment and safe height of 
the cut slopes based on simple and easy-to-obtain inputs 
from the field. In practice, kinematic analysis followed by 
limit equilibrium analysis or numerical analysis is done to 
assess the instability of the rock slopes. In addition, some 
empirical methods are also adopted. Several rock mass clas-
sification systems have been used worldwide to assess the 
instability of rock masses (RMR, SMR, GSI, Q-slope) [13, 
16–30].

In Indian context, some recent notable contributions with 
regard to rock slope stability issues have been done by adopt-
ing the rating systems. This includes the slope mass rating 
(SMR) [21, 31–33], the rock mass rating [16, 32–34], the 
geological strength index [16, 34], the rockfall hazard rat-
ing system [31, 35–37] and the Q slope system [13, 30, 38].

Rocks in the Himalayan region are invariably jointed, 
fractured, weathered and exhibit a high degree of variability 
in their engineering response. [12, 39–41] Extensive geolog-
ical and geotechnical investigations are required to assess the 
safe cut height of the rock slopes. Though comprehensive 

investigations are generally done during the execution of 
road widening projects, it is not feasible to extensively inves-
tigate each and every section. Also, there has been an alarm-
ing increase in the occurrence of extreme events like cloud 
bursts and flash floods during the last few decades. These 
events give rise to emergent situations, and quick decisions 
are required for planning alternate routes or to repair the 
exiting routes. In addition to the inherent parameters of the 
rock slope, if a rough assessment of the safe height of the 
cut rock slope could be made with reasonable accuracy, the 
strategies for mitigating landslide hazards can be formulated 
successfully.

The present article proposes an approach using which a 
rough estimate of safe height of cut rock slope can be made 
by using easy-to-obtain parameters in the field. The approach 
is derived by correlating the safe height with strength of the 
rock mass. Joint Factor concept, an indigenously developed 
classification system, is used in the present study and a novel 
index Jf_slope is defined to quantify the instability of a rock 
slope. Charts are presented to assess the hazard due to the 
step-cut rock slope. These charts are presented based on the 
data collected from steep-cut rock slopes in Garhwal region 
of the Himalayas. In its present form, the approach is site 
specific and needs further studies for extending it to other 
regions.

Background

The part of National Highway-58 (NH-58), which connects 
towns of Rishikesh and Badrinath in India, continuously 
experiences deterioration due to the ongoing road widening 
projects. Being the lifeline of this region and also having 
strategic importance, the route observes heavy traffic around 
the year, which further shoots up significantly during sum-
mers due to extensive tourism and religious activities [21, 
31, 32, 42]. The up-hill side of the roads generally comprises 
of cut rock slope. The rocks invariably comprise of discon-
tinuities; joints being the most common form of discontinu-
ity. Joint characteristics, namely, dip, dip direction of joint 
with respect to the slope direction, frequency and surface 
characteristics of the joint planes have significant influence 
in governing the strength of the rock mass of the cut slope. 
As a consequence, the safe cut height of the rock slope is 
predominantly influenced by joint characteristics. Some 
attempts have been made in the past to assess the hazard due 
to rock slopes by considering the joint characteristics [17, 
22, 43, 44]. Generally, these attempts are based on classifica-
tion approaches [13, 17, 20, 22, 23, 25, 26, 28, 29, 45–47].

In the present study, the safe height of an almost vertical 
rock slope is correlated with the strength of the rock mass. 
The presence of joints makes the rock mass weaker and ani-
sotropic in strength behavior and hence induces instability. 
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To get an insight into stability at a rock slope, an adequate 
understanding of the influence of joint characteristics on the 
strength of the rock mass is a must. Joint Factor concept [8, 
9, 48–50] has been an important contribution, which helps in 
quantifying the influence of rock joints on the strength of the 
rock mass. The concept was developed based on extensive 
laboratory tests on natural and jointed rocks having strength 
varying from 5 MPa to a maximum of 120 MPa [7]. The 
concept was initially aimed to assess the strength and defor-
mational behavior of jointed rocks. It was concluded that 
the strength of a rock mass is substantially influenced by 
the angle between the joint plane with respect to the loading 
direction, frequency and surface roughness of the joints. To 
quantify the effect of joint attributes collectively, a weakness 
coefficient, Joint Factor, was introduced [8, 9, 49, 50].

During the initial phases of the development of the Joint 
Factor concept, laboratory tests were performed on small 
specimens having single or multiple joints. Later the applica-
bility of the concept was extended to specimens of rock mass 
comprising large number of elemental blocks [9, 50]. Speci-
mens of jointed rock mass were prepared by piling elemental 
blocks in various fashions in order to achieve different dips 
of joints and interlocking conditions. The specimens were 
tested under uniaxial loading conditions. Figure 1 shows 
photographs of typical failed specimens [50]. Depending 
on the orientation of joints and the interlocking conditions, 
the specimens were found to fail in splitting, shearing, rota-
tion and sliding. Interestingly, the failure modes observed in 
this study (Fig. 1) have striking similarities with the failure 
modes of rock slopes observed in the field. Rock slopes in 

Fig. 1   Different modes of 
failure a splitting b shearing 
c rotational d sliding. (After 
Singh [50])
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fields generally fail due to planar failure, wedge failure, top-
pling and circular failure.

It was found that the strength of jointed rock mass is 
closely related with Joint Factor (Jf) and failure mode (Fig. 1 
after Singh [50] and Singh et al. [9]). Resemblance in fail-
ure modes observed in laboratory study indicates the great 
potential of the basic concept of Joint Factor to investigate 
rock slope instability problems. Keeping this in mind, a 
comprehensive field study was performed in which 50 steep-
cut rock slopes were investigated. Several field visits were 
made. Data comprising of slope geometry, field mapping 
of joints, rock strength and observed instability was col-
lected. Applicability of Joint Factor concept was examined, 
and a modification was made to make it applicable to steep 
cut rock slopes. Finally, charts were produced to assess the 
hazards due to rock slopes.

Study Area

For the current study, 50 rock slopes along the highway 
from Rishikesh to Kaudiyala were selected for analysis 
(Fig. 2). Geologically, the study area comprises of various 
meta-sedimentary rocks of Proterozoic age [13, 51–53] and 
lies roughly in the north-western flank of doubly plunging 
syncline, and the road section is also dissected by thrust 

faults [54]. The area is highly vulnerable to landslides due 
to adverse geo-structural paradigm. Many rocks and debris 
landslide have occurred in the region in the last few years 
[13, 55–57].

Meteorological and Seismological Conditions

Figure 3 shows the annual rainfall for the study area for a 
31-year period from 1990 to 2021 for the study region. The 
annual average rainfall for a 30-year period is 1272.20 mm 
with the highest annual rainfall observed in the year 1995 
(1870.19 mm) followed closely by 2010 (1860.46 mm). The 
lowest average rainfall is observed in the year 2009 with 
an average rainfall of 742.09 mm. Figure 3 also shows the 
monthly average rainfall for a 31-year period from January 
1990 to December 2021. It can be seen from the graph that 
most of the rainfall occurs during the period from July to 
September comprising 80 to 85% of the annual rainfall.

The study area lies within the Lesser Himalayan sub-
division and lies in an active seismic zone IV [59]. The area 
is bounded by the main boundary thrust (MBT) to the south 
and the Main Central Thrust (MCT) to the north [15]. Earth-
quake shocks of magnitude ranging from 5 to 6 on a Richter 
scale were recorded in 1809, 1816, 1966, 1967, 1968, 1969, 
1979, 1986, 1991 and 1995 [60]. Khattri [61] has recorded 
252 microearthquakes in Garhwal, which define a 140 km 

Fig. 2   Geological map of the study area (after Valdiya [58])
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long belt trending NW–SE from Yamuna to Alaknanda 
Valley [62]. Most of the earthquakes in the Garhwal region 
occur close to the MCT. A total of 193 local earthquakes 
were estimated to have a depth of less than 10 km, while 32 
earthquakes were in the range of 10 to 15 km [60].

Methodology

The methodology comprises of site visits, collection of 
field data and rock samples, laboratory tests and desk stud-
ies (Fig. 4).

Field Observations

Fifty steep cut rock slopes from different locations along 
the roads were selected in the field and detailed observa-
tions were made. Height of slope, slope angle, dip direction 
of slope, joint dip and dip direction were observed. Based 
on visual observations, the height of the slope was divided 
into two broad categories, i.e., safe and unsafe height. The 
safe height is determined based on the possibility of little 
to no failure. Up to the safe height, the slope can remain 
stable on its own and there is no presence of loose blocks 

or seepage of water from the slope. The rocks are mostly 
fresh or slightly weathered. The unsafe height is the height 
from where if any failure, such as rock fall or mass flow, 
occurs, there will be high hazard due to the failure. They are 
designated in the field based on the presence of loose block, 
wedge formation, degree of weathering and the presence of 
water or dampening on the surface of the rock slopes. Both 
safe and unsafe height were recorded for each section. Map-
ping of the joints was done using scanline survey [64–67]. 
Scanline survey comprises of using a measuring tape (about 
30 m) which is pinned with a masonry nail and wire to the 
rock face along its strike and maximum dip. Starting from 
the zero end, the scanline is scanned and the intersection 
distance for each discontinuity is recorded. Whenever a dis-
continuity trace is intersected, the properties of the disconti-
nuity are recorded and tabulated. The properties include the 
intersection distance, orientation, semi-trace length, termi-
nation, roughness and curvature. Brunton compass (Fig. 6a) 
was used to measure the dip and dip direction of joint planes. 
Figure 5 shows a typical datasheet of scanline survey done 
in the field.

Observations were made on the roughness of the joints. 
The roughness profile of the joint was drawn using a 15 
cm profilometer (Fig. 6b). The joint roughness coefficient 

Fig. 3   Average rainfall received by Tehri Garhwal district during the period 1990 to 2021 (Source [63]:)
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(JRC) for each joint was obtained by comparing the rough-
ness profile with the chart suggested by Barton and Choubey 
[68]. For each set of joints, several profiles were considered 
(Fig. 7) and the mean value of the JRC for the joint set was 
taken to represent the roughness of the joint.

A N-type rebound hammer was used to estimate the joint 
wall compressive strength (JCS) (Fig. 6c). At least 15 to 20 

values of JCS were obtained at different portions of the slope 
and the mean value of the JCS is taken to represent the JCS.

Analysis of Joint Data

In addition to field observations, four important joint char-
acteristics have been considered in this study to quantify the 

Fig. 4   Schematic diagram of 
workflow
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instability of the cut slope, i.e., frequency, dip, dip direction 
and surface roughness.

Joint Frequency

Joint frequency governs the block size in a rock mass. It is 
well known that if joint frequency (Joints/meter) is high the 
rock mass will be weaker. Scanline survey data was used to 
get the joint frequency. The perpendicular distance between 
joints in a joint set is calculated by using the following equa-
tion [65]:

where Xn is the perpendicular distance between two consecu-
tive joints, Xd is the distance between two joints along the 
scanline. � is the acute angle between the scanline and the 
discontinuity normal and is obtained as

�n is the trend of the scanline, �s is the trend of the normal 
of the discontinuity, �n is the plunge of the scanline, and �s 
is the plunge of the normal of the discontinuity.

(1)Xn = Xd cos �

(2)� = cos−1
|||
cos

(
�n − �s

)
cos �n cos �s + sin �n sin �s

|||

SCANLINE SURVEY LOGGING FORM
Details of scanline: Details of rock face: Rock type Quartzite

Label Slope 7 Loca�on 30°4'22"N 
78°29'42"E

Excava�on 
method Mechanical

Trend 170° - 350° Dip direc�on 100° Condi�on of 
exposurePlunge 0° Dip angle 75°-80°

Trimming level Non-overhanging / 
Overhanging Comments 

Logged by Height 20 m
Date Logged 27-09-2019 Width

Intersec�on 
distance 

d (m)

Dip 
Direc�on 

(°) 

Dip 
Angle 

(°) 

Semi-trace 
length l 

(m) above 
or le� of 

scan

Semi-
trace 

length l 
(m) 

below 
or right 
of scan

Termina�o
n 

I = 1, A = 2,   
O = 3

Rough-
ness 
JRC  
1-20

Curvat-
ure
1-5 

Comments 
(Refer to 
table of 

abbrevia�on
s and codes)

0.18 190 50 0.9 2.5 1 3 7 2 

0.25 220 45 6.0 1.3 2 3 11 2 

0.6 250 42 0.8 1.2 2 3 11 3 

1.5 190 50 1.5 1.0 1 2 9 1 

1.95 190 50 1.5 0.5 2 2 9 2 

2.03 190 50 5.0 0.4 2 1 9 2 

2.58 210 55 2.5 1.8 1 3 9 3 

2.7 215 55 1.0 0.1 2 2 13 5 

3.15 210 45 0.3 0.2 2 3 13 3 

3.4 205 45 9.5 0.3 3 2 15 3 

Fig. 5   A typical datasheet of scanline survey
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Spacing analyses were done on a scanline ranging from 
10 to 25 m and the normal spacing of the joints was calcu-
lated based on the method provided by Priest [65]. Statistical 
analysis was done on the normal spacing of each joint set 
by considering the distribution reported in the literature [64, 
66, 67, 69–73]. Anderson–Darling test [74] was done for 
each set, with a p value of 0.05. The distribution having the 
highest p value is taken for the distribution of the observed 
dataset (normal spacing of the joint). A histogram of the 
distribution is then drawn to represent the dataset (Fig. 8). 
It is observed that majority of the data follows either the 
exponential distribution or the Weibull distribution, with a 
few following the lognormal distribution (Fig. 8). The arith-
metic mean of the spacing is determined which is used for 

obtaining the spacing of the joints in the direction of loading 
as per Joint Factor concept. Some typical frequency distri-
butions of the joint spacing observed are shown in Fig. 8.

Dip of Joint Plane

Dip of joint plane is a major factor that governs the likeli-
hood of instability in a rock slope. In the present study, the 
effect of joint dip is quantified through a coefficient termed 
joint inclination parameter ‘n’ [8, 48, 75]. If a jointed speci-
men is tested with joint having variable inclination, the 
strength varies with inclination. The joint oriented at an 
angle of (45° + ϕj/2) results in minimum strength [76]. The 
maximum strength of jointed specimen is obtained when 
loading is kept normal to joint plane. Arora [48] and Rama-
murthy [49] correlated the influence of joint inclination with 
required frequency of horizontal joints that has an identical 
influence on the strength of jointed rocks. For example, it 
was found that an inclination of 40° was able to produce 
same effect as 26 horizontal joints in the rock [8]. By com-
paring the strength, the authors came out with the inclination 
parameter ‘n’ (Table 1).

Dip Direction of Joint Plane

Ideally, failure of rock slopes due to slip along the joint 
plane will be possible only when dip directions of slope 
and joint plane are same. As the angle between the dip 

Fig. 6   Instruments used for 
field observation. a Brunton 
compass b Barton comb pro-
filometer c Schmidt Hammer 
N-type

Fig. 7   Roughness profiles obtained from field study (Slope 1)
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direction of the slope and the joint plane increases, the 
effect of joint inclination tends to diminish. Both dip of 
joint plane and its dip direction jointly govern the instabil-
ity. To account for impact of dip direction, the apparent dip 
of the joint plane in the dip direction of slope is considered 
in the present study. When dip directions are 90° apart, 
apparent dip will be 0°. If dip directions are more than 90° 
apart, the apparent dip of the joint plane is taken as 0°. The 
apparent dip is obtained as

where � is the apparent dip, � is the true dip of the joint, and 
� is the difference between the dip direction of the slope face 
and the joint plane.

(3)tan� = tan � cos �

Surface Roughness of Joint Planes

The surface roughness of the joint surface is characterized 
through friction angle φj. Though the value of φj may be 
obtained by conducting direct shear tests along joint surface 
using field shear box [77], it will not be feasible in many situ-
ations. Alternatively, reliable estimates of joint friction angle 
can be made through Barton’s JRC-JCS joint shear strength 
model [68, 78]. The shear strength along a joint plane is rep-
resented by

(4)� = �n tan

(

�r + JRC log10

(
JCS

�n

))

Fig. 8   Distribution of joint 
spacing data observed in the 
field a exponential b weibull c 
lognormal

Table 1   Parameter for Joint 
Inclination (after Ramamurthy 
[49])

a θ = angle between the normal to the joint plane and the direction of loading

Orientation of joint θ (°)a 0 10 20 30 40 50 60 70 80 90

Inclination Parameter, n 1.00 0.814 0.634 0.465 0.306 0.071 0.046 0.105 0.460 0.810
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where τ is the shear strength, σn is the normal stress, JRC 
is the joint roughness coefficient, JCS is the joint wall com-
pressive strength, and φr is the residual friction angle of the 
joint. The joint friction angle ϕj is given as

The angle ϕj is normal stress dependent and depends on 
the ratio JCS/σn. To simplify computations, the normal stress 
σn is taken equal to overburden pressure corresponding to the 
half of the height of the slope (γH/2), where γ is unit weight 
of the rock mass in kN/m3.

Computation of Joint Factor

An index Jf_slope is introduced on lines similar to Jf concept. 
As compared to the Joint Factor, the Jf_slope has one more 
additional input parameter, i.e., angle between the dip direc-
tion of slope and joint plane. The Jf_slope is defined as

where Jn = number of joints per meter in vertical direction; 
ncorrected is corrected value of inclination parameter ‘n’ 
where the correction is done based on the angle between the 
dip direction of slope and the joint plane, and ‘r’ is strength 
along the joint plane = tan(ϕj).

The index Jf_slope quantifies the influence of joints on 
the rock slope. The Jf_slope is computed for all the joint sets 
observed in the field. The joint plane, which exhibits the 
maximum value of Jf_slope, is considered critical and governs 
the instability of the slope.

Results

The data generated through field studies was analyzed. Val-
ues of Jf_slope were computed for each section. As discussed 
in the previous section, the calculation of Jf_slope required 
height of slope, joint frequency, JRC of joint planes, dip 
of joint plane, angle between dip directions of joint plane 
and slope and JCS of the rock. Depending on the number of 
joints, there would be more than one Jf_slope for each section. 
The maximum Jf_slope was considered critical for each of the 
sections. A non-dimensional parameter normalized height 
was defined as:

where γ is the unit weight of the rock in kN/m3; H is the 
height of the slope in meter; and σc is the UCS of intact rock 

(5)�j = �r + JRC log10

(
JCS

�n

)

(6)Jf_slope =
Jn

ncorrected.r

Normalized height =
�H

�c

in kPa. The normalized height is a non-dimensional number 
which links unit weight, height and UCS of intact rock with 
each other.

Normalized height was computed for observed safe as well 
as unsafe height. For each section, the normalized height for 
safe as well as unsafe height was plotted against Jf_slope. The 
Jf_slope was plotted on log scale, whereas normalized height 
was plotted on normal scale. The variation of normalized 
heights against Jf_slope is shown in Fig. 9. The plot shows two 
best fitting trend lines; the upper line represents safe height and 
the lower one unsafe height.

Discussions

The plots of Jf_slope versus normalized height (γH/σc) indicate 
that the normalized heights decrease with increasing Jf_slope. 
This shows that there is a strong correlation of safe height 
and unsafe height of cut slope with joint attributes and intact 
rock strength. It is also observed that the trend lines for safe 
and unsafe heights run approximately parallel to each other. 
The plot can be divided into three distinct regions. The region 
below the safe height is designated as ‘low hazard’ region; the 
region between the safe height and unsafe height as ‘medium 
hazard’ and that above the unsafe height as ‘high hazard’ 
region. The boundaries of the regions are represented as:

(7)
�H

�c
= 0.01601 − 0.001864 ln Jf_slope

Fig. 9   Variation of normalized height of slope with Jf_slope
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Equation (7) represents the boundary between ‘medium 
hazard’ and ‘high hazard’, while Eq.  (8) represents the 
boundary between ‘medium hazard’ and ‘low hazard’.

Any slope represented by a point in these regions will 
represent the hazard related to that slope. To check the haz-
ard of a given slope in the field, the normalized height and 
the Jf_slope may be obtained, and the point is plotted on Fig. 9 
and the hazard due to the rock slope can be assessed. Fig-
ure 9 can also be used to quickly workout the upper limit of 
the safe height for a given joint attributes and rock proper-
ties. This quick assessment will be very useful when a quick 
decision about the height to which slopes should be cut is 
required especially during urgent situations.

Charts for Quick Assessment of Hazard due 
to Steep‑Cut Rock Slope

In this section, charts are produced that can be used by field 
engineers for quick computations without going much into 
detail computations.

Chart for Quick Assessment of Joint Friction Angle

Joint friction angle is an important input parameter and is 
obtained based on JRC, JCS and assumed normal stress on 
the joint plane as discussed previously. A chart is produced 
for quick assessment of the friction angle. Figure 10 shows 
the chart between the ratio JCS/σn and the joint friction angle 
for various values of joint roughness coefficient. The graphs 
were produced using Eq. (5). The value of residual friction 
angle (φr) was chosen based on the results reported in Barton 
and Choubey [68]. Barton and Choubey has reported the 
residual friction angle of various rock types having varying 
JRC values, and it was reported to have values ranging from 
24° to 32°. For simplicity in the calculation, the φr was taken 
equal to 28°. The JRC values were taken at a regular interval 
of 5, starting from 0 up to 20, and by linear interpolation, 
the value of the joint friction angle for a given value of JRC, 
JCS and σn can be easily obtained from the graph. Theoreti-
cally, very high value of φj approaching almost 90° may be 
possible. However, from practical point of view, a cap of 
about 65° is suggested for maximum value of φj in the field.

Multiple‑Graph Technique for Assessment of Hazard 
Due to Steep‑Cut Rock Slope in the Field

A multiple-graph technique for hazard assessment of the 
slopes in Garhwal Himalayas is proposed, which includes 
four subgraphs (Fig. 11).

(8)
�H

�c
= 0.01216 − 0.001881 ln Jf_slope

Graph I: Estimation of Apparent Dip of Joint Plane

While estimating the hazard due to steep-cut rock slopes, the 
first step is the estimation of the apparent dip of the joints. 
When the dip direction of the joint and the slope face are 
within 20° of each other, there is a high possibility of slip 
along the joint planes. The influence of the joint inclination 
decreases as the dip directions of the joint and the slope face 
move further away from each other, i.e., the difference of the 
dip direction of the slope face and the dip direction of the 
joint increases. When the dip directions are more than 90° 
apart, the apparent dip of the joint is taken as 0°. The appar-
ent dip of a joint can be estimated using Eq. (3).

Graph I (Fig. 11) provides a set of curves which are drawn 
between the apparent dip and the difference between the 
dip direction of slope face and the joint for different val-
ues of true dip of joint. The graph is plotted on a normal 
scale. Knowing the difference between the dip direction of 
the slope face and the joint and the true dip of the joint, the 
apparent dip of the joint can be obtained from Graph I.

Graph II & III: Estimation of Jf_slope

The second step in the proposed method is the estimation of 
Jf_slope for each joint set in the slope.

A set of curves are given on a semi-log scale in Graph 
II (Fig. 11) between the apparent dip and the Joint Factor 
(Jf_slope) for a 1 cm joint spacing for different values of joint 
friction angles (φj). Knowing the value of the joint friction 
angle, the Jf_slope for a spacing of 1 cm can be determined 
from this graph.

Fig. 10   Chart for predicting joint friction angle, φj
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The actual value of Jf_slope in the field will be given by:

where Jf_slope (1 cm) is the Joint Factor for 1 cm spacing 
of the joints and S is the spacing of the joint in the field in 
centimeter.

A graph between the values of Jf_slope (1 cm) and Jf_slope 
(S cm) for different values of joint spacings is plotted on a 
log–log graph (Graph III). This graph can be used to obtain 
the value of Jf_slope for a given joint spacing, when the Joint 
Factor for a 1 cm spacing of the joints is known.

Graph IV: Estimation of Hazard on Steep‑Cut Rock Slope

The final step in the proposed method is the estimation of 
the hazard due to steep-cut rock slope depending upon the 
Jf_slope obtained from graph III and the normalized height of 
the rock slope.

Graph IV presents the variation of the normalized height 
with the Jf_slope which is drawn from the data obtained from 
50 rock slopes selected in the present study.

(9)Jf_slope =
Jf_slope(1 cm)

S

The step-by-step procedure to obtain the hazard due to 
steep-cut rock slope using the proposed multiple-graph tech-
nique is given below:

(a)	 Collect field data: This includes the height of slope, dip 
and dip direction of slope face, dip and dip direction 
of the joint set, joint roughness coefficient, joint wall 
compressive strength, the normal spacing of joints and 
the unit weight of rock.

(b)	 Obtain the joint friction angle from the chart provided 
in Fig. 10.

(c)	 Using Graph I (Fig. 11) and based on the difference 
between the dip direction of the slope face and the dip 
direction of the joints, and the true dip of the joint, get 
point A on Graph I. An example is shown in Fig. 11. 
For a slope, |DDslope—DDjoint| is 67° and the dip of the 
joint is 48°. Point A in Graph I represents the apparent 
dip of the joint.

(d)	 Using the value of φj obtained from step 2, move from 
point A to point B on Graph II.

(e)	 Move to Graph III and obtain point C using the normal 
joint spacing S.

(f)	 Calculate the normalized height (γH/σc) for the rock 
slope and obtain point D on Graph IV, which will pro-

Fig. 11   Multiple-graph tech-
nique proposed for preliminary 
assessment of hazard due to 
rock slopes



542	 Indian Geotech J (April 2024) 54(2):530–546

1 3

vide a rough estimate of the hazard due to the rock 
slope.

It should be noted that the proposed multiple-chart was 
made using the data collected from a specific site (in this 
case, National Highway-58), having a particular geology, 
lithology, meteorological conditions and seismicity. The 
applicability of the proposed multiple-chart is limited to 
sites having similar conditions. The applicability of the pro-
posed multiple-chart on different geology and meteorologi-
cal conditions can be taken up as a future studies. It is also 
reiterated that the charts should not be seen as a replacement 
of more rigorous stability analysis. The charts should only 
be used in the preliminary stages of design or when slope 
cutting is required at a faster rate, especially during the time 
of emergency.

Validation of Proposed Multiple‑Graph Technique 
Through Case Studies

A demonstration of the proposed method is worked out in 
this section using the following set of data, which is obtained 
from the field:

Height of slope: 14 m.

Slope attitude: 49°/217°

Normal spacing of the joint = 10.3 cm.

Joint attitude: 51.4°/150°

Joint wall compressive strength (JCS) = 54.9 MPa.

Joint roughness coefficient: 8

Unit weight of rock: 27 kN/m3.

The solutions are shown in Figs. 10 and 11.

Solution

Step 1: Estimation of Joint Friction Angle

For the estimation of joint friction angle, the chart provided 
in Fig. 10 is used. From the data available, the following 
calculations are made:

Using (JCS/σn) = 145.4, the value of joint friction angle 
for a JRC = 8 is obtained from the graph as 44°

Step 2: Assessment of Hazard Due to Steep‑Cut Rock Slope 
Using Proposed Multiple Graph

From the given data, ||
|
DDslope − DDjoint

|
|
|
 = 67°, the true dip 

of the joint = 51.4°. From Graph I, obtain point A which 
represents the apparent dip. From point A, move left and get 
point B in Graph II, corresponding to the value of φj. From 
point B, move vertically upward and get point C correspond-
ing to the joint spacing.

From point C, move horizontally toward the right side to 
obtain point D. The region in which point D lies indicates 
the hazard due to the rock slope.

Similarly, the proposed chart is used for five different 
slopes (labeled as S-1 to S-5) having varying degrees of 
stability. Slopes 1, 2 and 5 are partially stable slopes. Slope 3 
is a failed slope, where the joint sets are closely spaced, and 
the most critical joint set runs in the same direction as the 
slope face. In the case of slope 4, the joint sets are favorably 
oriented in such a way that they can remain stable on their 
own. Table 2 shows the data obtained for hazard estimation 
for each site. Figure 12 shows the slopes used for valida-
tion of the proposed chart. Figure 13 shows the different 
points corresponding to the hazard due to the rock slope. 
By comparing the results obtained from the chart and the 
observations made in the field, the observation made from 
the proposed chart provides a reliable estimate of the hazard 
due to the steep-cut rock slopes.

JCS

�n
=

54.9 × 1000

27 × 14
= 145.39

Table 2   Parameters used for validation of proposed chart

Site no Slope face Joint plane |DDs—DDj| Joint spacing, cm �j(
◦) Jf_slope

�H

�c

Dip Dip direction Dip Dip direction

S-1 49 217 51.4 150 67 10.3 44.05 16.42 0.0069
S-2 55 273 57.5 299 26 10.52 49.42 102.93 0.0089
S-3 48 200 45 195 5 7.25 36.53 115.09 0.0170
S-4 43 295 51 67 228 18.52 60 3.12 0.0046
S-5 52 290 52 280 10 9.45 53 94.60 0.0069
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Fig. 12   Photograph of site used 
for validation of proposed chart 
a S-1 b S-2 c S-3 d S-4 e S-5

Fig. 13   Result of hazard 
assessment on rock slope using 
data obtained from field
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Concluding Remarks

A simple approach is presented for estimating the approxi-
mate value of the safe height and the hazard due to steep-cut 
rock slopes in Garhwal region. The approach has been devel-
oped based on extensive field study followed by laboratory 
and desk study. Fifty rock slopes showing signs of instability 
were selected along the National Highway—58 and studied 
in detail.

An index Jf_slope has been developed based on Joint Fac-
tor concept for jointed rock slopes. The index incorporates 
the effect of joint attributes (dip, dip direction, spacing and 
roughness) and slope geometry (dip and dip direction of 
slope face). The height of slope is normalized through the 
unit weight of rock and strength of the intact rock. A strong 
correlation is observed between the safe height of the slope 
and the index Jf_slope. Using this correlation, conditions of 
low, medium and high hazard due to rock slopes are defined. 
Based on simple, easy-to-obtain input from field, one can 
quickly assess the hazard due to an existing or proposed cut 
slope. To help field engineers, multigraph technique is sug-
gested for quick assessment of the hazard due to rock slope 
and safe height of slope for the region.
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