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ABSTRACT: Due to extensive road widening project in the Himalayas, the roads experience huge
instability problems especially during monsoon season. For the present study, 50 rock slope sites
were considered over a stretch of 35 km on a national highway. The various attributes of
discontinuities governing the slope failure were observed and the joint spacing in the stretch of the
national highway is studied in detail. Detailed scanline survey was carried out and a database
comprising more than about 6000 datapoints was generated. It is observed that the joints are spaced
between 1 cm to 60 cm for the stretch of road. Statistical analysis of the joint spacing shows that
most of the joint sets follow Exponential distribution, Weibull distribution, and lognormal
distribution. Slope stability analysis was performed using the joint spacing data for all the slopes. It
was observed that 50% of the slopes were susceptible to failure.
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1 INTRODUCTION

Engineering designs for rock slopes sometimes include discontinuities as a source of uncertainty and
variable. The strength and geometric characteristics of the discontinuities are liable to change inside
a rock slope, which is frequently observed in difficult and challenging terrains such as hilly regions
(Basahel & Mitri, 2019). Spacing of discontinuities is one of the indispensable parameters of rock
slopes which is used to determine the block size, the hydrogeological permeability, deformability,
and strength of the rock masses (Wong et al., 2018).

Joint spacing in rocks have been studied by a number of researchers, and have reported to follow
the Lognormal Distribution (Becker & Gross, 1996; Pascal et al., 1997; Wong et al., 2018), the
Gamma Distributions (Castaing et al., 1996; Gross, 1993), the Negative Exponential Distribution
(Hudson & Priest, 1983; Priest & Hudson, 1976, 1981), the Weibull Distribution (Wong et al., 2018)
and the Normal Distribution (Ji & Saruwatari, 1998).

In the present study, 50 different rock slope sites were considered over a stretch of 35 km on a
national highway. Detailed scanline survey was done to assess the spacing of the joints and a database
which comprises of more than 6000 joints were generated.
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2 STUDY AREA

The study area (Figure 1) covers a stretch of more than 35 km along a national highway in Garhwal
Himalayas. The route is a backbone for the social and economic growth of the town and villages in
the region. The route has witnessed an increase in the frequency of landslides especially during the
monsoon season which become a source of concern and therefore requires urgent attention.
Geologically, the study area comprises of various meta-sedimentary rocks of Proterozoic age (Jiang
et al., 2003; Siddique et al., 2020; Tiwari et al., 2013) and lies roughly in the north-western flank of
doubly plunging syncline, and the road section is also dissected by thrust faults (Kumar &
Dhaundiyal, 1979). The area is highly vulnerable to landslides due to adverse geo-structural
paradigm.
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Figure 1. Geological map of the study area (modified after Valdiya, 1984).

3 METHODOLOGY

3.1 Field observations

Fifty rock slopes from different locations were selected along the highway and detailed observations
were made. Scanline survey technique is adopted to gather the joint spacing data (Figure 2). The
properties include the intersection distance, the orientation, semi-trace length, termination,
roughness, and curvature were obtained from the scanline survey.

For the purpose of uniformity, a minimum spacing of 0.5 cm is taken in the study and the random
joints which has an intersection distance of less than the set minimum is neglected. The width of the
outcrop is selected based on the accessibility of the rock slopes. At least 15 m length of the scanline
was selected for each rock slopes.

3.2 Analysis of joint spacing

From the scanline survey data, the normal spacing of the joints were calculated as per the methods
described by Priest (1993). Statistical parameters of the spacing for each joint set are evaluated, and
the probability distribution function for each discontinuity sets were determined, from approximately
100 joint set data from each site, which results in a database comprising of nearly 6000 joint spacing
data.

From the result of the spacing analysis, Anderson-Darling test (Stephens, 1974) was done on the
normal spacing for each joint sets to determine the statistical distribution of the joint spacing. p-
value, which is an indicator of the hypothesis testing, are calculated to test different distribution. A
level of significance of 0.05 is set for each p-value. When the p-value of the tested model is higher
than the given level of significance, then the model can be statistically accepted.
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Figure 2. Scanline survey done on Slope 1.

3.3 Stability analysis of rock slopes

The rock slopes were analysed as a combined continuum interface method. Two different approaches
were adopted in the analysis. In the first approach, the joint spacing was considered to be
deterministic, parallel to each other, and persistent. The materials are modelled using a Mohr-
Coulomb failure criterion. The parameters used in the analysis are shown in Table 1.

Table 1. Parameter used for Slope Stability Analysis (Slope 1).

Parameters Value Parameters Value
Rock type Quartzite  Joint normal stiffness, J1 (GPa/m) 1.52
Unit weight (kN/m3) 27 Joint shear stiffness, J1 (GPa/m) 0.152
Elastic modulus (GPa) 3.85 Joint normal stiffness, J2 (GPa/m) 1.38
Poisson's ratio 0.3 Joint shear stiffness, J2 (GPa/m) 0.138
ci (MPa) 5.8 Joint normal stiftness, J3 (GPa/m) 1.38
¢i (Degree) 35 Joint shear stiffness, J3 (GPa/m) 0.138
Tensile strength 0

Barton-Bandis shear strength parameters
Joint cohesion J1 (kPa) 0 Joint Friction Angle J2 (Degree) 55.32
Joint Friction Angle J1 (Degree) 44.09 Joint Cohesion J3 (kPa) 0
Joint Cohesion J2 (kPa) 0 Joint Friction Angle J3 (Degree) 48.7

In the second approach, the influence of random variable on the stability of rock slopes were studied.
In this method, the input parameters were subdivided into two groups based on their randomness:
deterministic and probabilistic parameters. For the analysis, the orientation and height of the slopes
as well as the shear strength parameters are deterministic. Based on the measured data in the field,
tests results and physical properties of the materials, the probability density function and the
statistical parameters for the analysis were chosen. The random parameters chosen for the analysis
include the joint orientation and spacing of discontinuities.

4 RESULTS

4.1 Joint Spacing Analysis

From the analysis of joint spacing, it was observed that the joints have a spacing ranging from 1 cm
to 60 cm with the mean spacing for each joint sets ranging between 3.07 cm to 44.25 cm.
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Statistical analysis of the joint spacing for each joint set reveal that more than half of the joint
spacings are following the Exponential Distribution, followed by the Weibull distribution and a few
of the joint spacings are following the Lognormal Distribution. Figure 3 shows the summary of the
statistical analysis. Figure 4 shows the statistical distribution of the joint spacing for Slope 1.

Joint Spacing Distributions

® Exponential ® Weibull # Lognormal

Figure 3. Pie chart showing the Joint Spacing Distribution observed from analysis.
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Figure 4. Histogram showing the Joint Spacing Distribution for each joint set (Slope 1).

4.2 Analysis of Orientation Data and Kinematic Analysis

The orientation data obtained from scanline survey are plotted on a stereonet and a clustering is done
to determine the number of joints sets in the field. The plotting is done using Dips software and the
representative dip and dip direction for each slope are determined from the stereographic projection.

Kinematic instability in rock slopes is highly influenced by the orientation of the joint. In the
present study, kinematic analysis is done using stereographic projection to determine the possibility
of structurally controlled instability in the rock slopes. The result of Kinematic analysis for Slope 1
is given in Figure 5. It was observed that from the 50 slopes analyzed, 32 slopes are susceptible to
planar failure, 35 slopes are susceptible to wedge failure and 24 slopes are susceptible to toppling
failure.

Figure 5. Stereographic projection for Slope 1.
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4.3 Stability Analysis of Slope

The rock slopes were modelled as a combined continuum interface method. The model was
discretized using a 3-noded triangular element and Shear strength reduction analysis was performed
using RS2 for each section to determine the critical SRF. The slopes were first analysed by using a
deterministic value of joint spacing. In the second analysis, the joint spacing were randomized using
the data obtained from the statistical analysis of the joint spacing to study the effect of random joint
spacing on the stability of the slopes. The results of the analysis for slope no 1 is shown in Figure 6.

Critical SRF: 0.7

Critical SRF:

(a) Deterministic Joint Spacing (b) Random Joint Spacing
Figure 6. Result of Slope Stability Analysis (Slope 1).
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Figure 7. Statistical Analysis showing (a) Probability Density Distribution and (b) Cumulative Distribution of
FOS (Random Joint Spacing).

The SRF obtained from the slope stability analysis were statistically analyzed and it was observed
that the critical SRF of the slopes are following the Weibull Distribution (Figure 7). From the CDF
of the critical SRF, it can be observed that 50% of the slopes are in critical condition, which agrees
with the conditions of slopes observed in the field.

5 CONCLUSION

Fifty rock slopes along a national highway in Garhwal Himalayas were surveyed and the spacing of
the joints were analysed. Statistical analysis of the joint spacing data shows that the joints are
following either the Exponential Distribution, the Weibull Distribution or the Lognormal
Distribution. These results were in accordance with those given in the literature. The result of the
stability analysis shows a decrease in the Factor of Safety of the slope when the random distribution
of the joint spacing are considered. Statistical analysis suggest that the Factor of Safety follows the
Weibull Distribution. Cumulative Distribution Curve drawn from the result of the statistical analysis
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shows that nearly 50% of the slopes are susceptible to failure. This observation is in accordance with
the observation made on the slope in during the survey.
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