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Abstract

The natural and cut slopes of a segment of the Dharasu-Uttarkashi Roadway (NH-108), located in the Lesser Himalayan Zone
in India, have been studied for the first time adopting a multi-parametric integrated approach in terms of (1) distribution of
magnitude of natural slope (2) engineering geological properties of intact rocks and rock masses, (3) kinematic analysis of
slopes, (4) documentation of existing slope failures (5) rock- microstructural implications and (6) multiple geomechanical
classification of slopes. Assessment of stability of slopes based on the combined study of the above parameters has been
performed for twelve locations (L1—L12) on the road-cut sections where the slopes mostly have not yet failed. Magnitude of
natural slopes overlooking the road section attains peak slope class of 41°—50°. Kinematic analysis characterizes the intact
slopes in the above locations to possess conditions of wedge and toppling modes of failure, either in single or as combined.
Existing failed slopes conform to combinations of planar, wedge, toppling and shallow circular failures. Rock microstructural
study reveals development of strong shear-strength-weakening foliation anisotropy in the phyllites and schistose quartzites
of the slopes that evidently serve as avenues of groundwater percolation and seepage and can promote failure along water-
soaked foliation planes that ‘day-light’ on the road-cut slopes at locations L1, L8 L9 and L10. Based on Geomechanical
classification systems applied to slopes including Continuous Slope Mass Rating, Q-Slope and Hazard Index, new stability
charts have been developed that classify the slopes at each location to be one of the three types: severely unstable, unstable or
stable. Based on the new stability charts, road-cut slopes at all twelve locations were found to be unstable and slopes at three
locations — L7, L8 and L 10 were observed to be severely unstable, particularly hazardous and require immediate mitigation.

Highlights

e Multiparametric integrated approach was adopted to e The impact of rock microstructure induced foliation ani-
study instability of road-cut slopes in the Dharasu- sotropy and water seepage along foliations and fractures
Uttarkashi highway for the first time New stability charts on stability of slopes has been recognized.
were developed combining three Geomechanical slope e The stability of road-cut slopes were evaluated using
mass classification systems viz. newly developed stability charts and rock microstructure.

e the C-SMR, Q-Slope and Hazard Index.

Keywords Stability chart - Stability assessment - Geomechanical classification - Kinematic analysis - Hazard index -
Q-Slope
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such as rainfall, blasting and traffic-induced vibrations and
earthquakes. Furthermore, the stability of the rock slopes
may also be influenced by road curvature especially in rug-
ged terrains (Hoek and Bray 1981).

Several approaches for addressing slope stability prob-
lems are practiced. These include: (1) empirical approach,
whereby a slope is assessed by rock mass classification sys-
tems and the quality of slopes is quantitatively classified,
(2) Geometric and Kinematic approach which examines the
potentiality of failure of a slope by analyzing the geometrical
relationship of the orientations of discontinuity surfaces and
the slope, (3) Limit equilibrium analysis that deals with the
driving and resisting forces that act along an existing plane
with the potential of failure and characterizes the stability of
the slope in terms of safety factors, (4) Numerical analysis
including Finite element analysis to deal with factor of safety
of slopes in rock masses that do not contain any pre-existing
planes or lines of failure. The empirical approach of assess-
ing slope stability using rock mass classification system is
often adopted as a first step for any transport engineering
project. The advantage of applying Rock mass classifica-
tion system in slopes is that, it can provide quantitative data
and guidelines for engineering purposes and can improve
originally abstract descriptions of rock mass from inherent
and structural parameters (Liu and Chen 2007; Pantelidis
2009) by simple arithmetic algorithm (Romana 1985). Rock
Mass classification system is therefore applied worldwide
and facilitate characterization, classification and knowledge
of rock mass properties. In empirical approach, slopes are
geo-mechanically classified using rock mass classification
systems.

Some of the existing geomechanical classification for
slopes are: Rock Mass rating (RMR, Bieniawski 1989)
Rock Mass Strength (RMS, Selby 1980), Slope Mass Rat-
ing (SMR, Romana 1985), Slope Rock Mass Rating (SRMR,
Robertson 1988), Mining Rock Mass Rating (MRMR, Laub-
scher 1990), Mining Rock Mass Rating modified (MRMR
modified, Haines and Terbrugge 1991), Chinese Slope Mass
Rating (CSMR, Chen 1995), Natural Slope Methodology
(NSM, Shuk 1994), Modified Rock Mass Rating (M-RMR,
Unal 1996), Geological Strength Index (GSI, Marinos and
Hoek 2000, 2001), Modified GSI (Sonmez and Ulusay 1999,
2002), Slope Stability Probability Classification (SSPC,
Hack 1998, Hack et al. 2003), Modified Slope Stability
Probability Classification (SSPC modified, Lindsay et al.
2001), Continuous Rock Mass Rating (CRMR, Sen and
Sadagah 2003), Continuous Slope Mass rating (Continuous
SMR, Tomas et al. 2007, Tomaés et al. 2012), Alternative
Rock Mass Classification System proposed by Pantelidis,
2010, Slope Stability Rating (SSR, Taheri and Tani 2010),
Q-Slope classification (Barton and Bar 2015; Bar and Bar-
ton 2017) and Modified Rock Mass Rating by modified
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blockiness index (RMR;;;, Chen and Yin 2020). Slope sta-
bility assessment in road-cut sections is widely practiced
using several of the above methods (cf. Kentli and Topal
2004; Umrao et al. 2011; Gupta and Tandon 2015; Basahel
and Mitri 2017; Pradhan and Siddique 2020). However, it
has been commonly observed that each scheme of geome-
chanical classification of slopes as stated above, may indi-
cate varying stability grades of slopes that differs from one
another. In other words, a slope that is classified as unstable
in one classification scheme may get classified as stable in
another. Therefore, development of stability charts combin-
ing more than one classification schemes seems acutely nec-
essary for a comprehensive judgment of slope stability of a
particular locality.

In this paper, we present the results of a comprehensive
study of slopes by integrating multiple parameters including
natural slope distribution, causes of existing failed slopes,
geometric and kinematic analysis of cut slopes, analysis of
new field data on structural elements and cut slopes, labo-
ratory testing of representative rock specimens that occur
on slopes, geomechanical classification of slopes and rock-
microstructural implications on slope failure to assess the
stability of intact slopes in a part of Dharasu-Uttarkashi
road section (NH 108), in Uttarkhand in India. A novel set
of stability charts is developed that combines more than
one geomechanical classification of slopes. The studied
segment of the roadway is located in a landslide prone area
in the lesser Himalayas where several shallow landslides
occur. The roadway connects Tehri and Uttarkashi and is
an important transport way that supports business, pilgrim-
age, infrastructure development and international tourism
round the year. In the event of no systematic study hitherto
existing on stability analysis of road-cut slopes in the stud-
ied section, the present study accounts for comprehensive
stability assessment of cut slopes for the first time, based on
the proposed novel stability charts and rock microstructure.

2 Geologic Setting, Seismicity and Climate
of the Study Area

2.1 The Study Area

The study area falls within the Survey of India Toposheet
number 53 J/6 and is confined between Dharasu bend and
Dunda (Fig. 1). The Dharasu-Uttarkashi roadway is the
national highway no NH 108 and is the route to go to Gan-
gotri. At Dharasu, the road bifurcates at a sharp bend (Dhar-
asu bend) (Fig. 1) with one part connecting Dharasu and
Uttarkashi and onwards to Gangotri whereas the other part
links Dharasu and Yamunotri. The Bhagirathi River moves
parallel to the Dharasu-Uttarkashi Road segment.
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Fig. 1 Geological Map of the study area. Studied slope locations are
marked as L1, L2... etc. on the Dharasu-Uttarkashi Road section (NH
108). The Dharasu bend (indicated by arrow) is a junction between
the two road sections: one leading to Yamunotri Glacier through

2.2 Site Geology

The study area forms a part of Lesser Himalayan Sequence
of rocks of the Garhwal Himalayas of northern India. The
lesser Himalayan sequence corresponds to 1870 — 800 Ma
age and is comprised of meta-sedimentary and meta-vol-
canic strata and Augen gneiss (Yin 2006; Jain et al. 2016).
The Lesser Himalayan rocks that are exposed in this region
belong to the Neoproterozoic Jaunsar Group and the Meso-
proterozoic Garhwal Group with the North Almora thrust
(NAT) separating the two Groups (Fig. 1). Two formations
that are equivalent to each other constitute the Jaunsar Group
Shanker et al. 1989, Sharma and Singh 2005. These are the

Khumla Gad in the north-west and the other one leading to Uttarkashi
in the northeast. Shallow landslides occur at locations LS1 and LS2
on the road near Dharasu bend

Chandpur/Amri Formation that are exposed near Dharasu
bend and the equivalent Morar—Chakrata Formation that
outcrops around Junga (Fig. 1). The Jaunsar Group occurs
on the west to south-western side of the NAT and forms a
part of its hanging wall. The formations are lithologically
composed of phyllites, slate, graywacke, schistose quartzites
and basic intrusives.

The relatively older Garhwal Group is exposed in the
eastern to north-eastern side of the NAT (Fig. 1). Three
Formations constitute the Garhwal Group in the region that
outcrops between Uttarkashi and the NAT. These are, from
relatively older to younger: Uttarkashi, Lameri and Nag-
nithank Formation. The Uttarkashi formation consists of
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Table 1 Stratigraphy of the Lesser Himalayas in the study area

Age Group Formation

Lithology

Pleistocene to Holocene Quartenary Deposits -

Neoproterozoic Jaunsar Group

Chandpur Formation
(=Morar-Chakrata Formation)

Unconsolidated to semi consolidated assemblage of
Clay, Sand, gravel boulder and pebbles in various
proportions

Phyllite, Slate meta-graywacke, quartzites and basic
intrusive

North Almora Thrust (South-westerly dipping out- of

-sequence thrust)

Mesoproterozoic Garhwal Group Nagnithank Formation Quartzites and slates with metavolcanics
Lameri Formation Limestone, dolomite, phyllite and slate
Uttarkashi Formation Interbedded quartzite, slate, with lensoidal lime-
stone; gray, green and purple slates with quartzite
Main Central Thrust (North-easterly dipping
thrust)

Undifferentiated proterozoic Central Crystalline Group Wazri Formation

Yamunotri Formation

Chlorite-Biotite-Garnet-Graphite schist, porphy-
roblastic garnet gneiss, tourmaline garnet gneiss,
marble, quartzite and basic intrusives

Sillimanite-Kyanite bearing schist and gneiss,
garnetiferous biotite schist, migmatite and basic
intrusives

interbedded quartzite and slate with lensoidal limestone. The
Lameri consists of interbedded limestone, dolomite, phyllite
and slate and the Nagnithank is composed of interbedded
quartzites, slates and metabasalts.

To the northeast of Uttarkashi, the Garhwal Group is lim-
ited by the Main Central Thrust (MCT)-an important tec-
tonic salient. The MCT dips toward northeast and its hang-
ing wall exposes the Central crystalline Group consisting of
the Wazri and the Yamunotri Formations. The stratigraphic
framework of the study area is presented in Table. 1.

The Dharasu-Uttarkashi roadway cuts through the Jaun-
sar, NAT and the Garhwal Group of rocks as described
above and expose the rocks on the cut-slope face. The
hanging wall of the NAT is in the form of an antiform
that plunges due SSE. The NAT conforms with an out-of-
sequence thrust (antithetic thrust) that dips towards west to
southwest (Fig. 1). The Garhwal Group of rocks in the foot-
wall side (eastern side) of the NAT is folded into a NW — SE
trending antiform-synform pair. The synform occurs near
Dunda (Fig. 1) and the corresponding antiform occurs near
Nakuri (Fig. 1).

2.3 Seismicity and Climate

The study area lies within Zone-IV of the Seismic map of
India and is therefore not a safe place for human settlement.
The Uttarkashi earthquake of October 20, 1991(M, 7.0
USGS) and the Chamoli earthquake of March 29, 1999 (M|
6.6 USGS) were devastating seismic activity recorded in
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the region. The entire area between Main Boundary Thrust
(MBT) and MCT i.e., the entire Lesser Himalaya is beset
with high peak ground acceleration values between 0.3 g and
0.5 g over a short distance spanning 25 km to 40 km (Kumar
et al. 2011). This is indicative of a high seismic hazard zone
in the study area and beyond.

The climate is in general warm and temperate. The
Koppen-Geiger classification of climate in the area is Cwa.
The summers are marked by relatively more rainfall than
the winters. The temperatures vary between minimum 3 °C
(in January) and maximum 33 °C (in June) with an aver-
age temperature of 18 °C. The lesser Himalayas acts as an
orographic barrier to the moisture-laden winds from the
south and induces a medium rainfall pattern in the study
area. Analysis of historic precipitation data, obtained
from Kharsali Rain gauge station in Uttarkashi and World
Weather online website:

(https://www.worldweatheronline.com/lang/en-in/dhara
su-weather-history/uttarakhand/in.aspx) reveal a mean
multi-annual (from 2009 to 2019) rainfall of 761.31 mm
(Fig. 2a). The monsoon spans from June to September
and the cumulative rainfall during monsoon may exceed
1000 mm (Fig. 2b). It can be observed from Fig. 2b, that
August remained the rainiest month from 2009-2012 and
was replaced by July during 2013-2018. Relative contribu-
tion of mean rainfall of each monsoon month to the cumula-
tive mean annual rainfall (Fig. 2c) shows that precipitation
in the month of August, in general, contributes maximum to
the cumulative rainfall during the monsoons.


https://www.worldweatheronline.com/lang/en-in/dharasu-weather-history/uttarakhand/in.aspx
https://www.worldweatheronline.com/lang/en-in/dharasu-weather-history/uttarakhand/in.aspx
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Fig.2 Rainfall data of the study area. a Cumulative multi-annual
mean precipitation over the past decade. b Distribution of mean
annual precipitation during the monsoon months from June to Sep-
tember over the past decade. Note that August remained the rainiest
month from 2009 to 2012 and was replaced by July during 2013—
2018. ¢ Relative contribution of mean rainfall of each monsoon
month to the cumulative mean annual rainfall

3 Methodology

The methodology used in this study is illustrated in the
form of a flow-chart diagram in Fig. 3. It begins with
evaluating natural topographic slopes related to the road-
cut section of the study area based on satellite imageries
and topographic maps. Based on this evaluation, zones on
highway sections were identified where slopes are antici-
pated to fail. The second step involves an intensive field

investigation based on the above study and includes obser-
vations, measurement and documentation of already failed
slopes if any, lithology, penetrative and non-penetrative
structures, slope characteristics and oriented rock sample
collection by continuous walk-over method. The third step
involves determination of physical and engineering prop-
erties of rock samples collected from the field locations,
by laboratory testing. The fourth step is to perform the
kinematic analysis of slopes at each location. The kin-
ematic analysis has been performed from the orientation
data of joint sets and slope to examine the possibility of
failure and its type. The fifth step is to perform a detailed
rock-microstructural study to evaluate the role of mineral
grain boundary anisotropy and preferred dimensional
orientation of constituent minerals in failure of slopes.
In the sixth step, the Rock Mass rating RMR for each
location was determined by the Discrete Rock Mass Rat-
ing System (Bieniawski 1989). The seventh step in the
methodology is to perform a slope mass rating using the
results of the kinematic analysis, the joint-slope orienta-
tion relationships, and the RMR score. Five systems of
geomechanical classification of slopes viz. original SMR
(Romana 1985), Chinese SMR (Chen 1995), Continuous
SMR (Tomas et al. 2007), Q-slope (Bar and Barton 2017)
and Hazard Index (HI) (Pantelidis, 2010) were applied to
structurally controlled failure of road-cut rock slopes. For
non-structurally controlled failure of road-cut rock slopes
only the HI method is used. A novel scheme of stability
field chart is developed by combining the various systems
of geomechanical classification of slopes. Finally integrat-
ing results and information from all the above parameters,
the stability of the slopes of the road-cut section of the
study area has been comprehensively assessed within the
framework of proposed stability charts and microstructural
implications.

4 Studied Parameters and Their Results
4.1 Natural Topographic Slope Distribution

The study area is marked by a rugged topography and is
a part of north to south flowing Bhagirathi River water-
shed. The maximum and minimum elevation points of the
watershed are 2300 m and 869 m respectively with a relief
difference (Rd) of 1431 m. The drainage is dendritic to par-
allel with a drainage density (Dd) of 3.02 km/km?. The rug-
gedness number (Rn) expressed as Rn=[(Dd X Rd)/1000]
is determined to be 4.32 and is considered to be relatively
high due to deep dissection by the Bhagirathi River and
its tributary valleys. Ruggedness number combines the
slope steepness and length indicating the extent of the
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Fig.3 Flow chart of the methodology adopted in this work

steep natural slopes overlooking the road. For estimating
the natural topographic slope distribution in the study area
1:50,000 topographic map of Survey of India, has been

instability of land surface (Strahler 1957). High ruggedness
number would therefore signify steep slopes. The Dharasu-
Uttarkashi Road section in the study area therefore has
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Fig.4 Natural Slope map of the Dharasu-Uttarkashi Road section
(NH-108). The study area is shown with a rectangular outline. The
slopes overlooking the road are documented in four classes with the
gentlest slope class 0°-20° and a steepest slope class of 41°—50°.
The Bhagirathi River runs approximately parallel to the road section

used. Individual segments were defined by the spur that is
flanked by adjacent valleys. Topographic slope angle was
determined for each spur from the trigonometric ratio of the
shortest map distance from the highest elevation of the spur
to the road level and the total elevation obtained from the
number of elevation contours in between the road and the
highest point of the spur. Frequencies of slopes in degrees
of consecutively adjacent segments were recorded and
grouped into slope classes and are documented in Fig. 4.
The results show that the natural slopes overlooking the
roadway in the study area can attain a slope of 41°—50° at
several segments (Fig. 4). These natural topographic slope
segments were further studied in Google Earth Engine by
zooming to a scale of 1:1000 and slopes were determined
trigonometrically from the ratio of distance from the road
level to the nearest slope break along the topographic slope
and its corresponding elevation. No attempt was made to
remove vegetation cover from Google Earth images during
slope determination. This scale of resolution provides the
site-specific slope that ranges 55°—70°. Such high natu-
ral topographic slope segments may pose instability along
road cuts at several locations and were planned for direct
field investigation and slope stability assessment.

4.2 Slope Failure Incidences

The study area reveals that even though the study area is
rugged with steep natural slopes and the area is seismically
active with an average annual rainfall of ~760 mm for the
last decade, no slope failures occurred in the study area
before the year 2011 (Fig. 5a). In 2011, there were several
cut sections of the road that failed (shown by arrows in
Fig. 5b). New failure zones were subsequently added along
with erosion-induced modification of earlier-failed slopes in
subsequent years (Fig. 5c, d). The shallow landslides near
Dharasu bend (LS1 and LS2 in Fig. 1) occurred during peak
precipitation during August 2011 in presence of an ongoing
road widening construction work that adopted uncontrolled
blasting. Vibrations from uncontrolled and unsystematic
blasting at the road and cut-slope intersection, coupled with
heavy spells of rainfall during monsoon months, is attributed
to the cause of the failure. The debris from the slope failure
events were periodically removed to make the highway func-
tional despite getting blocked by new failure events (Fig. 6a).

Failed slopes conform to either single or a combination
of several types of failures including rock fall, plane failure,
wedge failure, toppling and circular failure (Wyllie and Mah
2004). For example, a combination of rock fall and wedge
failure has occurred at location no. L10 (Fig. 6a). Incipi-
ent failure zones with spalling of steep cut slopes can be
ascertained from observations like rotation of trees and other
vertical markers (Fig. 6b). Shallow circular slope failures
are observed near Dharasu bend (Fig. 6¢, 6d) with their cor-
responding locations LS1 and LS2 indicated in Fig. 1.

In addition to the above, there are several locations where
the road-cut slopes apparently have a possibility of failure.
For instance, plane failure is anticipated in Fig. 7a, wedge
failure in Fig. 7b, c, combination of planar and wedge sliding
in Fig. 7b, and toppling failure in Fig. 7d.

4.3 Field Data and Observations

Outcrops of every location and in between was examined
in the field by walk-over method. Important observations
that were relevant to the stability assessment of slopes were
performed along with measurement and documentation.
These include, rock type, variation in rock composition
and grain size if any, structures including compositional
banding, folds, joints, faults, penetrative foliations, linea-
tions, weathering characteristics, geological strength index
(GSI), Schmidt hammer rebound value of joints and intact
rocks, joint characteristics including joint frequency, joint
persistence, joint aperture and filling, joint surface rough-
ness, orientation of structural elements, orientation of slope,
magnitude of slope —height, curvature & areal extent, road
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Fig.5 Google Earth images of the study area before and after slope
failures. Insets contain the date of the image. a Image before slope
failure. The Dharasu-Uttarkashi Road section (white arrow) runs
parallel to the Bhagirathi River (black arrow). b Slope failures along

orientation and groundwater conditions. Oriented samples
were collected from the locations for laboratory study.
Twelve locations (L1-L12) were identified during fieldwork,
where the slopes were anticipated to fail. Table 2 gives the
summary of measured data of the locations L1 to L12 in the
field. The slope heights of the cut slopes vary in the range
of 8-30 m. Cut Slopes are steep to very steep and range 55°-
80°. Location L1 possesses five joint sets; L2, L4, L5, L7,
L8 and L.10 possesses four sets of joints whereas L3, L6, L9,
L11 and L12 possesses three joint sets. Penetrative folia-
tions (schistocity in schistose quartzites and slaty cleavage
in phyllites and slates) have a mean orientation of 62°— 28°
with dip angles of foliation in the range of 45°—70° and azi-
muth in the range of 25°—37°. Data presented in Table 2, in
addition to the above, were used to derive other parameters
that are subsequently discussed below.

4.4 Engineering Geological Properties of Rock
Samples

The engineering geological properties of all the rock types

exposed in the study area have been evaluated on the basis
of field observations and laboratory tests including, density,
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the road-cut section occur at several places. The prominent ones are
indicated by arrow. ¢ Slope failures in new areas (marked by arrow)
located south of the earlier-failed zones. d Slope failures on the east-
ern bank of Bhagirathi River (marked by arrow). Scale bar is 444 m

effective porosity, unit weight, point load strength index
(PLSI), Uniaxial compressive strength (UCS), Schmidt
hammer rebound value (R value), tensile strength (Brazilian
test), and ultrasonic wave velocities (both P- and S-waves).
The tests were carried out according to ISRM (1981) and
the laboratory setting, sample installation and test results
for PLSI, Brazilian test and UCS are illustrated in Fig. 8.
Table 3 presents the data of the laboratory tests performed
in the cored specimens of oriented representative samples
of the slope locations. Each test has been repeated five times
for each parameter for each type of rock and the mean value
has been presented in the Table 3.

4.5 Kinematic Analysis of Slopes

Assessment of slope stability begins with a geometric and
kinematic analysis of slopes that involves analysis of the
orientation relationships between the discontinuities and the
slope in question. Kinematics refers to the motion of bod-
ies without reference to the forces that cause them to move.
In general, geometric relationships between discontinuities
and slope indicate the possibility of movement of blocks of
rocks bounded by discontinuities. If the kinematic analysis
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Fig.6 Failed slopes in the Dharasu—Uttarkashi Road section in the
study area. For locations refer to Fig. 1. a Wedge blocks and boulders
produced by wedge failure at location L8. Traffic has been halted for
clean-up operations. b Spalling of rock and wedge failure at location
L10. Ongoing creep movements on slope are evident from rotation

indicates that the failure controlled by discontinuities is
likely then the stability further needs to be evaluated by a
limit equilibrium analysis which considers the shear strength
along the failure surface, the effects of pore water pressure
and the influence of external forces such as reinforcing ele-
ments and earthquakes (Turner and Schuster 1996).
Kinematic analysis leads to recognition of three types
of failure: plane, wedge and topple, using conditions and
criteria for each type of failure (Hoek and Bray 1981; Good-
man 1989; Wyllie and Mah 2004). A plane failure develops
when the dip amount of a discontinuity plane is less than the
dip amount of the slope measured in the direction of sliding
and is greater than the friction angle of the discontinuity,
provided that the strikes of the discontinuity and the slope
are parallel or nearly parallel within certain limits (£ 20°).
A wedge failure is recognized when the plunge amount of
the line of intersection of two discontinuities is less than the
dip amount of the cut slope and exceeds the friction angle,
provided that the plunge direction of the intersection line
is same as that of the dip direction of the slope within cer-
tain limits (+40°). A toppling failure is indicated when the

of tree (indicated by arrow) on the cut slope. ¢ Shallow landslides
composed of mixed soil and rock fragments at location 800 m north
of Dharasu bend (LSI in Fig. 1). Arrow indicates the road level. d
Shallow landslides occurring at 150 m north of Dharasu bend (LS2 in
Fig. 1) Arrow indicates road level

dips of the slope and the discontinuity planes are oppositely
directed within certain limits (+ 10°) and the dip amount of
the discontinuity and the slope exceeds 60°.

In this study, the kinematic analysis is done for all of the
cut slopes of the highway in the study area, distributed over
twelve locations (numbered L1 to L12 serially). For the kin-
ematic analysis the lower hemisphere stereographical projec-
tion method is used as described by Hoek and Bray (1981)
and Goodman (1989). From field observations it is evident
that the strike of the cut slopes at each location is parallel to
the trend of the highway and is therefore accordingly con-
sidered. Kinematic analysis was performed using DIPS 6.0
of Rocscience Inc. 2014 and the failure modes were identi-
fied for each location as illustrated in Fig. 9. The summary
of the kinematic analysis for each cut slope is presented in
Table 4. From the kinematic analysis it can be inferred that
slopes at locations L6, L10, L11 and L12 tend to have wedge
failure instability, slope at location L9 possesses toppling
failure instability whereas slopes at — locations L4 have both
plane and wedge failure instability, .7 has both plane and
toppling failure instability and L1, L3 and L8 possess both

@ Springer



3968

A. K. Gupta, M. K. Mukherjee

Fig.7 Failure types of slopes anticipated to fail. For locations refer
to Fig. 1. a Plane (black arrow) and toppling (red arrow) failure
expected at poorly excavated slope at location L7. Plane failure has
already occurred and the failure planes are exposed; b Plane (black
arrow) and wedge (white arrow) failure expected at location L4 with
arrow indicating the down-sliding sense. ¢ Wedge failure conditions

wedge and toppling failure instability. Based on kinematic
analysis, locations L2 and L5 do not show any indications
of structurally controlled failure.

4.6 Rock Microstructure

Microstructural study was performed in the oriented thin
sections of the rocks of all the locations of the study area
from representative samples to understand the control on
stability of slopes by anisotropy & inhomogeneity of the
rocks that arise out of the variation in mineralogical com-
position, grain size, grain orientation, grain boundary geom-
etry, texture and microstructure of the rocks. Thin sections
were prepared by cutting the oriented specimen orthogonal
to foliation and parallel to the elongated mineral lineation
observed on the foliation plane. In this section, an account
of composition and microstructure of rocks from the slopes
of the study area is presented and the effect of rock micro-
structure on stability of slopes will be explained at a later
stage (see Sect. 5.5).

@ Springer

with arrow indicating the direction of probable movement of wedge
at location L11. d Dominantly Toppling failure condition at location
L9. Although minor planar failure surfaces dips towards road due to
random joints, in general planar failure is not the mode of instability
in the area

The white and gray quartzite are hard rocks and in gen-
eral, are composed of dominantly quartz (~85-90% by
volume) and minor mica (~ 10-15% by volume) (Fig. 10a).
The quartz grains in quartzite manifest a bimodal grain
size consisting of a relatively coarse size population that
range 100-250 pm and a relatively fine-grained popula-
tion ranging 10-40 pm. The coarse grains correspond to
the framework detrital clasts whereas the relatively fine-
grained population corresponds to dynamically recrystal-
lized quartz grains. The ratio of volumetric proportion in
which the detrital quartz and recrystallized quartz popu-
lations occur in quartzite is ~9:1. Detrital quartz grains
in quartzite, manifest two distinct types of grain bound-
ary contact geometry. The first type (Type-I contact) is
of straight to moderately curved (embayed) sharp contact
between the grains that, in most instances, are parallel
to the long dimension of the grains in contact (Fig. 10a).
They define a preferred alignment of the quartz grains
and thereby define the rock cleavage (S1). The cleavage
planes are therefore defined by the continuity of the grain
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Fig.8 Laboratory experimental set up for determining engineering
geological properties of intact rocks. a—c¢ Point load Strength Index
(PLSI); a equipment set up, b specimen under test, ¢ Specimens
after first round of PLSI test; d—f Brazilian test; d equipment set up,
e specimen for test loaded between platen before testing, f specimen
after test; g—i uniaxial compressive strength (UCS); a The Univer-

contacts (Fig. 10a). The second type of grain contacts
(Type-II) are at high angles to the cleavage plane con-
tacts and are strongly embayed within one another and
frequently show serrated outline (Fig. 10a). Type-I con-
tacts reflect truncation of an otherwise smooth boundary
of a rounded quartz against another grain at the contact
and would imply a pressure-solution mechanism origin of

@ Springer

sal testing machine equipment set up with pressure control and dial
gauge on the right and the 1000 Kilo Newton compressing unit on the
left, b Specimen for test with attached strain gauges for determining
strain at peak failure load during UCS determination, i specimen after
test

the truncated grain contact whereby both grains undergo
dissolution at the contact under the existing compressive
stress directed orthogonal to the cleavage during tectonic
deformation. Occasionally Type-II contacts are character-
ized by a zone of mica fibers that grow orthogonal to the
grain boundary and parallel to the cleavage (Fig. 10a) thus
defining a pressure shadow. Some of the Type-I contacts
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Table 3 Engineering geological properties of representative rock specimens of the study area determined by laboratory tests

Brazillian/Tensile 1A (km/s)  V (km/s)

Strength (MPa)

PLSI(IS50)

(MPa)

Schmidt Hammer  UCS (MPa)

Unit Weight
(y) (kN/m?)

Density (gm/cm?)

Porosity(n) (%)

Outcrop

Rock type

reboundvalue(R)

locations in
the study

area

1.30

5.56

10.36 13.12

227.89

64

25.83

2.639

0.565

L1,L2,L5,

White quartzite

L6,L7,L8
L3,14
L9,L12
L7

1.20
2.04
2.36
0.88

4.92
4.66
6.0

16.81

12.98
4.84
18.02

285.64

66
62

25.78

2.649
2.710
2.99

0.614

Light gray quartzite

13.29
20.76

106.35
396.47

26.67

0.719

Dark gray quartzite

70
35

29.32

0.422

Metavolcanic Rock

Phyllite

2.27

1.38 1.72

30.27

2.727 26.75

2.021

L10,L11

are occasionally serrated (Fig. 10a) and sometimes contain
mica films (Fig. 10a). Serrated outline in both Type-I and
Type-II contacts are attributed to grain boundary migra-
tion recrystallization with the development of subgrains at
the contact (Urai et al. 1986; Passchier and Trouw 2005).
In contrast to recrystallized quartz grains, detrital quartz
grains show undulose to patchy extinction patterns that
attest to intra-crystalline deformation of quartz (Fig. 10a).

The volumetric proportion of mica in schistose quartz-
ite varies in the range of 15—-30%. When volumetric pro-
portion of mica is relatively higher (~30% by volume), the
cleavage is continuous and is defined by the strong dimen-
sional preferred orientation of both mica and quartz grains
(Fig. 10b) with the mica-rich cleavage seams being relatively
more continuous, thick and anastomosing around the detri-
tal quartz grains. Mica are often bent in the anastomosing
cleavage seams (Fig. 10b) and volume proportion of recrys-
tallized quartz grains increase to give a detrital grain—recrys-
tallized grain ratio of ~4:1.

In schistose quartzites, fibers of quartz-mica aggre-
gates give rise to “quartz-mica beard” microstructures on
the Type-II grain boundaries of detrital quartz grains that
are nearly orthogonal to cleavage (Fig. 10b) with the long
dimension of the fibers parallel to the cleavage. Quartz
grains belonging to the larger size fractions, show frequent
fracturing (Fig. 10a) in addition to their intra-crystalline
deformation with sometimes conjugate fractures in a single
grain. However, frequency of fracturing apparently decreases
with increase in the volume percentage of mica (Fig. 10b).

Phyllites are mineralogically composed of 60-80% mica
and 20-40% quartz with a size range of 2-30 pm for mica
and 2-50 pm for quartz. In phyllites, the cleavage conforms
to domainal schistocity as described by Powell (1979), with
zones of mica aggregates having strong preferred orienta-
tion, defining the cleavage domains (Fig. 10c) and an assem-
blage of quartz grains constituting the microlithon domains
(Powell, 1979; Gray, 1978) that alternate with cleavage
domains (Fig. 10c). In general, in the microlithons, the
quartz grain aggregates show a weak preferred orientation
parallel to the cleavage but the relatively less proportion
of mica grains show a strong preferred orientation parallel
to the cleavage (Fig. 10c). Even though mica grains are, in
general, straight and parallel to the cleavage, several of them
are kinked (Fig. 10c) in both domains.

In Schistose quartzites and phyllites, there are microscale
evidences of water percolation along foliation planes; for
example, in Fig. 10d the locus of the water percolation is
marked by ferruginous stains that result due to precipitation
of dissolved iron from the percolating water. The stains are
multiple and are anastomosing but follow the cleavage in
general. This indicate that water percolation affects the rock
as a whole over large areas and are networked to produce
zones of seepage along foliation planes.
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«Fig. 9 Stereographic projection plots of slope face (SL) and discon-
tinuity sets (J1, J2. J3 etc.) for kinematic analysis of cut slopes in the
studied section at locations L1 to L12 (see Fig. 1 for reference). The
type of failure i.e. plane, wedge, toppling or any combinations thereof
are also indicated for each location. The friction circle inside the plot
is in accordance with the average friction angle of the discontinuities
shown in Table 4

4.7 Rock Mass Rating (RMR,)

Rock mass rating (Harrison and Hudson 2000), originally
established by Bieniawski (1973, 1989) and herein referred
to as RMRy is defined as a comprehensive index of rock
mass quality that is derived from cumulative weighted val-
ues of significant geological parameters of influence. The
RMR system consists of five basic parameters that represent
different conditions of the rock and discontinuities. These
parameters are: (1) UCS of intact rock, (2) rock quality des-
ignation (RQD), (3) spacing of discontinuities, (4) condition
of discontinuities and (5) groundwater. RMR, is expressed
as a rating score in the range of 0—100 (Bieniawski 1973,
1989) with higher values indicative of relatively better rock
mass quality than those with lower values. RMR,, is widely
used for tunnels, dam foundations and mines but strictly
does not apply to slopes (Aksoy 2008). The guidelines for
assigning rating scores for the parameters in RMR, is pro-
vided in details by Bieniawski (1973, 1989). Based on rating
scores, the RMR, classifies Rock masses into five classes.
They are Class—I (Very good rock, Rating 100-81), Class—II
(Good rock, Rating 80-61), Class—III (Fair Rock, Rating
60—41), Class—IV (Poor rock, Rating 40-21) and Class—V
(Very poor rock, Rating < 20).

In a recent development, a modified RMR, has been
proposed by Chen and Yin (2020) by introducing a Modi-
fied Blockiness Index in place of RQD, Joint frequency and
Joint volume (J,) parameters that are inherent within RMR,
of Bieniawski (1989). However, when RMR ,; is plotted
against RMRy of Bieniawski (1989), the line of best fit
closely conforms to the 1:1 line, meaning that the RMR ..
cannot be distinguished from the original RMR,, in most
of the cases (Fig. 28 of Chen and Yin 2020). Therefore,
for the present study, the widely used and validated RMR,
(Bieniawski 1989) method is used for the road-cut slopes in
the study area.

The RMR, scores for all locations are presented in
Table 5. The RMR, of the road-cut slopes in the study area
ranges between 55 and 78. The location L.10 corresponds to
RMR, 55 and indicate a ‘fair rock” category (Class—III). The
rock mass of the remaining locations range between 61and
80 and belong to the ‘good rock’ category (Class—II). The
RMR,, is further used for estimating various slope mass rat-
ing parameters.

4.8 Modified Geological Strength Index (Modified
GSI)

Strength of jointed rock masses is difficult to determine
since the size of representative specimens is too large for
laboratory testing. This restriction led to the development
of practical methods, particularly empirical strength criteria,
which can provide good estimate for the strength of closely
jointed rock masses. Amongst the empirical strength cri-
teria formulated both for intact rock and rock masses, the
widely accepted and popular Hoek—Brown criterion (Hoek
and Brown 1980) is used in conjunction with the Bieniaw-
ski’s RMR,, System (Bieniawski 1989) as an attempt to
address the problem, and has been refined and expanded
over the years (Hoek 1983, 1994; Hoek and Brown 1988;
Hoek et al. 1992, 1995). It was also recognized that RMRy
was not fully appropriate for relating the failure criterion
to geological observations in the field, particularly for very
weak rock masses. This led to introduction of a new classi-
fication of rock masses termed as Geological strength Index
(GSI) (Hoek et al. 1992, 1995; Hoek 1994; Hoek and Brown
1997). The GSI System is based upon the visual impression
on the rock mass structure and has twenty codes to identify
each rock mass category and estimates the GSI value rang-
ing between 10 and 85. The GSI was subsequently extended
for weak rock masses through a series of publications by
Hoek et al. (1998), Marinos and Hoek (2000, 2001), Mari-
nos et al. (2005).

However, due to lack of measurable and more represent-
ative parameters, and related interval limits or ratings for
describing the surface conditions of the discontinuities, the
GSI for each rock mass category in the chart proposed by
Hoek and Brown (1997), represents a range of values. This
implies that, it is possible to estimate different GSI values
from the chart for the same rock mass by different persons,
depending on their personal experience.

Therefore, an attempt has been made by Sénmez and
Ulusay (1999) to provide a more quantitative numerical
basis for evaluating the GSI and to suggest quantities that
make more sense than that of the RMR; System when used
for the estimation of the rock mass strength.

The quantitative GSI System and associated approaches
and input parameters for its construction are given by Son-
mez and Ulusay (1999) in detail. The GSI was further modi-
fied by Sonmez and Ulusay (2002), herein referred to as
Modified GSI, based on the structure and surface condi-
tion ratings, including five rock mass categories to provide
a complete GSI rating scores ranging between 5 and 100
in the form of chart as illustrated in Fig. 11. Two impor-
tant parameters that form the framework of modified GSI
classification are Structure rating (SR) based on volumetric
joint count and the Surface condition rating (SCR) based
on roughness, weathering and infiltration characteristics.
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Table 4 Kinematic analysis of slopes in the studied locations

Slope location Slope orientation ~ Type of failure Discontinuities involved (dip/ Friction angle Orientation of Wedge axis
(dip/direction) direction in degrees) (joint set)  (¢p) (degrees) (plunge/plunge direction)
(degrees) (degrees)
L1 75/80 Wedge 66/195 (J1), 40/145 (J3) 35 38.4/125.6
Topple 31/240 (J4) -
L2 60/125 No failure - 35 -
L3 60/120 Wedge 55/195 (J2), 55/120 (J3) 40 48.6/157.5
Topple 51/330 J1) -
L4 80/90 Plane 47/118 J1) 30
Wedge 47/118 (J1), 60/230 (J3) 36.4/164
L5 80/90 No failure - 35 -
L6 70/140 Wedge 50/240 (J1), 66/140 (J3) 40 44.1/204.4
L7 75/160 Plane 43/160 (J4) 40 -
Topple 60/330 (J3)
L8 80/60 Wedge 63/20 (J3), 75/350 (J4) 40 58.4/54.2
Topple 51/230 J1) -
L9 60/90 Topple 60/250 J1) 40 -
L10 75/90 Wedge 30/50 (J2), 75/150 (J4) 25 28.7/68.4
L11 55/160 Wedge 55/30 (J2), 70/180 (J3) 25 25.9/100.2
L12 70/130 Wedge 52/160 (J2), 70/270 (J3) 40 44.1/200.7

From these values of SR and SCR, modified GSI can be
estimated from the chart (Fig. 11). The modified GSI scores
for the slopes of the studied locations are determined and
presented in Table 6, where the input parameters correspond
to the parameters in the modified GSI chart as described by
Sonmez and Ulusay (2002).

The modified GSI scores for each slope locations are
further plotted in the GSI chart to show their rock mass
characteristics indicated on the left boundary (Fig. 11). The
modified GSI values agrees closely with the GSI value range
visually estimated in the field (Table 2). The modified GSI
scores were further used as input parameters in other geome-
chanical classification of slopes as subsequently discussed.

4.9 Slope Mass Rating (SMR)

The RMR system of Bieniawski (1973, 1989), was mainly
developed for tunnels, underground excavations and dam
foundations but had limited use in assessing stability of
slopes. To extend the use of RMR, Romana (1985), proposed
a slope mass rating (SMR) classification system to charac-
terize the quality of slopes. SMR is originally derived from
RMR system and is expressed by the following equation:

SMR = RMR + (F, X F, X F3) + F,, (1

where F|, F,, F; and F, are factors that are defined as
follows:

@ Springer

F, depends on the parallelism between dip-direction of
the plane of discontinuity, a; (for planar slides and topples)
or the plunge azimuth of the line of intersection «;, between
two discontinuities (in case of wedge failure) and the dip-
direction a; of the slope.

F, depends on the dip amount f; of the discontinuity in
case of plane failure and the plunge f; of the intersection line
of two discontinuities in wedge failure. As regards toppling
failure F, takes the value 1.0. This parameter is related to
probability of discontinuity shear strength (Romana 1993).

F; depends on the relationship between dip amounts of
slope f3; and discontinuity f3; (for toppling and planar failure
cases) or plunge of line of intersection (;) of two discon-
tinuity planes (wedge failure case). This parameter varies
from O to — 60 rating points and expresses the probability
of discontinuity outcropping on the slope face (Romana
1993) for planar and wedge failures. For toppling failure
this parameter varies from 0 to — 25 rating points.

F, is the correction factor that depends on excavation
method used to generate the cut slope and the rating value
is selected empirically. The SMR of Romana (1985) was
based on discrete functions and considered only planar and
toppling-type failure modes. The SMR of Romana (1985)
was subsequently modified by Anbalagan et al. (1992)
(Table 7) by including an addition of wedge failure con-
dition. This modified SMR (Table 7) is herein referred to
as original SMR whose parameters and functions (A, B,
and C) for assigning rating values are used in this study.
Based on SMR scores, slopes can be classified as completely



Evaluating Road-Cut Slope Stability Using Newly Proposed Stability Charts and Rock... 3975

Fig. 10 Microstructures from oriented thin sections cut orthogonal
to foliation and lineation of the representative lithounits of the study
area. a Preferred orientation of grain boundaries parallel to the long
dimensions of quartz grains, defines cleavage (S1) in White quartz-
ites. Films and fine fibers of mica (m) are oriented parallel to S1.
Abbreviations for quartz microstructures: sc—straight grain contact,
sr—serrated grain contact, ec—embayed grain contact, r—dynamically
recrystallized grains, f—fractures, CPL. b relatively higher volume
percentage of phyllosilicates show a strong preferred dimensional
orientation of mica defining S1 in schistose quartzites. Note that the
cleavage defined by mica aggregates anastomose around the quartz
grains with development of bent mica (bm) in the cleavage seams.

stable (81-100, Class-I), stable (61-80, Class-II), partially
stable (41-60, Class-III), unstable (21-40, Class-1V), and
completely unstable (0-20, Class-V), with corresponding
probability of failure (Romana 1985; Romana et al. 2015)
(Table 8). The input parameters for determining the original
SMR is documented in Table 9.

The results of original SMR for all the locations are pre-
sented for structurally controlled slope failures in Table 10
that include wedge and toppling failure. The original SMR
ranges between 16 and 62.90. Slopes at two locations viz.
L8 and L10 that are marked by rating scores of 16 and
24.20 respectively get classified as completely unstable
and unstable category respectively. Slopes at L3 and L6

Quartz-mica beards (qmb) develop at the grain boundaries of detri-
tal quartz grains that are orthogonal to the cleavage, CPL ¢ Domainal
cleavage (S1) defined by alternating bands (domains) of dominantly
quartz grain aggregates as microlithons (M) and dominantly mica
grain aggregates as cleavage domains (Clv) in phyllites. Mica grains
exhibit kinking (km), CPL. (d) Locus of water movement (arrow)
along foliation planes in phyllites, PPL. Brown stains are due to pre-
cipitation of ferruginous material during water circulation. Note that
the brown stain zones are parallel to the rock cleavage, indicating
seepage of water along cleavage (S1). CPL crossed polarized light,
PPL plane polarized light

get classified as stable whereas the other locations are par-
tially stable.

4.10 Continuous Slope Mass Rating (Continuous
SMR)

The discrete SMR functions of Romana (1985) were
replaced by continuous functions for the parameters F,
F, and F; by Tomds et al. (2007) to propose the new sys-
tem of continuous SMR. The new functions are expressed
as follows:

@ Springer
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Fig. 11 Plot of Modified GSI values of the slopes of the studied locations on the modified GSI chart designed by Sonmez and Ulusay (2002)

16 3 1
= — — —_arctan| —(|A —17],
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where, |Al=la;—al for plane failure, IAl=la; — o, — 180° for
toppling failure and IAl=lo; — ol for wedge failure. a; and a;
are, respectively, the dip directions of the joint and slope.
a; is the plunge direction of the line of intersection of two
planes defining the wedge.
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Table 6 Determination of
Modified Geological Strength
Index (GSI) of the slopes in the
studied locations

Slope Location J, R, R, R, SCR SR Modified GSI
L1 18 3 5 6 14 29.21 48.30
L2 15 3 5 6 14 3241 50.00
L3 9 3 5 6 14 41.34 53.50
L4 9 3 5 6 14 41.34 53.50
L5 9 3 5 6 14 41.34 53.50
L6 8 5 5 6 16 43.40 59.50
L7 8 6 5 6 17 43.40 64.50
L8 9 5 5 6 16 41.34 58.30
L9 10 6 5 6 17 39.50 60.50
L10 21 5 3 2 10 26.52 38.25
L11 18 3 5 6 14 29.21 48.30
L12 10 3 5 6 14 39.50 52.50

Table 7 Adjustment ratings for F;, F,, F; ( modified from Romana (1985) by Anbalagan et. al. (1992)) and F, (Romana 1985). A, B, and C are
functions for assigning rating values to factors F,, F, and F3 respectively

Type of failure Very favorable Favorable Fair Unfavorable Very unfavorable
P A lo— | >30° 30-20° 20-10° 10-5° <5°

T |aj —a,—180]

' la;—al

P/T/W (Rating) F, 0.15 0.40 0.70 0.85 1.00
PIW B 1Bl or 18] <20° 20-30° 30-35° 35-45° >45°
P/W (Rating) F, 0.15 0.40 0.70 0.85 1.00

T (Rating) 1.00

P C Bi=Bs >10° 10-0° 0° 1-(-10°) <(-10°)
w B~ Bs

T B+ Bs <110° 110-120° >120° - -
P/T/W (Rating) F; 0 -6 -25 -50 —60

Excavation Method (F) (Rating as indicated below):

Natural Slope: + 15, Pre-splitting: + 10, Smooth Blasting:

P: planar sliding, W: wedge sliding, 7: toppling

The factors and their ratings are shown in bold

Table 8 Description of SMR Classes (Romana 1985)

+8, Normal Blasting or Mechanical Excavation: 0, Deficient Blasting: —8

Class SMR Description  Stability Failure
probabil-
ity

I 81-100  Very Good  Completely stable 0.0

II 61-80 Good Stable 0.2

I 41-60 Normal Partially stable 0.4

v 2140 Bad Unstable 0.6

\' 0-20 Very bad Completely unstable 0.9

9 1 17
F, = — — —arctan —B—S]. 3
716 195 100 )

@ Springer

where, B (measured in degrees) is the magnitude of dip of
joint for planar and toppling failure modes i.e. f5; and the
magnitude of plunge f; of the line of intersection of two
planes for wedge-type failure.

Fy;=-30+ % arctan C. )

Fy=-30+ %arctan(C - 120), 5)
where C (in degrees) is defined as follows:
(1) The difference in angle between the dip amounts of

joint and slope i.e. (f;—f,) for planar- type failure
mode;
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(2) The difference in angle between the plunge amount
of the line of intersection of two planes and the dip
amount of the slope, i.e. (8,—f;) for wedge-type failure
mode;

(3) The sum of the two dip amounts of joint and slope i.e.
(B;+ B,) for toppling-type failure mode.

Equation (4) is used for slopes with planar -or wedge-
type failure mode and Eq. (5) is used for slopes with top-
pling-type failure mode. The input parameters for deter-
mining the continuous SMR as applicable to the slopes
whose failures are structurally controlled are presented
in Table 9. The results of continuous SMR of the slopes
for wedge failure and toppling failure are presented in
Table 10. The continuous SMR varies between 14.17 and
64.68. Slopes at location L8 with rating 14.17 and location
L10 with rating 22.69 get classified as completely unstable
and unstable respectively. The slopes of location L3 and
L4 are stable whilst the slopes of the remaining locations
belong to partially stable category.

4.11 Chinese Slope Mass Rating (CSMR)

Chinese slope mass rating (CSMR) system was proposed
by Chen (1995) and is a modification of the SMR of
Romana (1985), whereby it introduces two new com-
ponents to Romana’s SMR system. These are the slope

height factor ({) and the discontinuity factor (1) as
follows:

CSMR = ¢RMR + AF | F,F5 + F). (6)

where { is a non-dimensional parameter that accounts for the
effect of slope height and is given by {=0.57+0.43 X (8§0/H),
where H is the slope height in meters. 4 is a parameter
accounted for the effect of discontinuity type and is defined
as follows:

(1) A=1 for faults of long weak seams filled with clay;

(2) 4=0.8-0.9 for bedding planes of large-scale joints with
gouge and

(3) A=0.7 for joints of tightly interlocked bedding planes.

F,, F,, F; and F, are the same factors of the original
SMR. Regarding the slope height, Eq. (6) is applicable
when slope height H exceeds 80 m. For H<80 m, {=1.
The CSMR rating scores for all the slopes whose failure is
structurally controlled is presented in Table 10 for wedge
and toppling failure. CSMR scores of the study area range
between 31.3 and 63.32. Locations L8 and L10 have scores
of 31.3 and 29.24 respectively and both belong to unstable
category. Locations L3, L4 and L6 belong to stable and the
remaining locations belong to partially stable category.

Table 9 Input parameters for

L Slope Location  Type of Failure Slope Orientation of ~ Functions for Adjust-
det.ermmmg SMR’ CSMR and Orientation  Discontinuity ment factors (degrees)
Chmese.SMR 1n.the slopes of (degrees) planes/wedge
the studied locations axis (degrees)

a B, asa; ﬁ /ﬁ i IAl B C
L1 Wedge 80 75 125.6 384 456 384 -36.6
Topple 80 75 240 31 20 31 106
L2 Non structurally controlled 125 60 - - - - -
L3 Wedge 120 60 1575 48.6 375 48.6 —-114
Topple 120 60 330 51 30 51 111
L4 Plane 90 80 118 47 28 47 -33
Wedge 90 80 1656 369 756 369 —43.1
L5 Non structurally controlled 90 80 - - - - -
L6 Wedge 140 70 2044 44.1 64.4  44.1 -259
L7 Plane 160 75 160 43 0 43 -32
Topple 160 75 330 60 10 51 131
L8 Wedge 60 80 542 584 58 58.4 -21.6
Topple 60 80 230 51 10 51 131
L9 Topple 90 60 250 60 20 60 120
L10 Wedge 90 75 70 30 20 30 —46
L11 Wedge 60 55 100 26 60 26 -29
L12 Wedge 130 70 200 44 70 44 -26
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Table 10 Determination of various slope mass rating scores of adjustment factors determined from respective functions, for the slopes of the

studied locations

Slope location Type of failure RMR  Original SMR Continuous SMR Chinese SMR
F1 F2 F3 F4  Score Fl1 F2 F3 F4 Score ¢ A Score
L1 Wedge 64 0.15 0.85 —-60 -8 4835 021 0.85 -5947 -8 4518 1 0.7 53.88

1

Topple 0.70 1.00 0 -8 56.00 0.54 064 -0.73 -8 55.74 0.7 56.00

L2 Non structurally controlled 68 - - - - - - - - - - - - -
L3 Wedge 73 0.15 1.00 —-60 -8 56.00 026 094 -5832 -8 51.02 1 0.7 58.70

1

Topple 040 1.00 -6 -8 62.60 032 095 -105 -8 64.68 0.7 63.32
L4 Plane 73 040 1.00 —60 -8 41.00 035 093 -5942 -8 46.02 1 0.7 51.71
Wedge 73 0.15 085 —-60 -8 5735 0.16 0.83 -59.50 -8 57.09 1 0.7 59.55

L5 Non structurally controlled 73 - - - - - - - - - - - - -
L6 Wedge 75 0.15 085 —-60 -8 5935 0.17 091 -5920 -8 5784 1 0.7 61.64
L7 Plane 73 1.00 0.85 —-60 -8 14.00 099 090 -5940 -8 12.07 1 0.7 29.30
Topple 73 0.85 1.00 —-25 -8 4375 085 096 -2530 -8 4435 1 0.7 50.12
L8 Wedge 75 0.85 1.00 —-60 -8 16.00 093 096 -59.11 -8 14.17 1 0.7 31.30
Topple 0.85 1.00 -25 -8 4575 085 096 -25 -8 47.02 1 0.7 52.12
L9 Topple 73 0.70 1.00 -25 -8 47.50 085 097 -1940 -8 49.00 1 0.7 52.75
L10 Wedge 49 040 0.70 —-60 -8 2420 054 0.60 -59.57 -8 2269 1 0.7 29.24
L11 Wedge 64 0.15 040 —-60 -8 5240 0.18 041 -59.34 -8 5166 1 0.7 53.48
L12 Wedge 66 0.15 085 —-60 -8 5035 0.16 098 -59.26 -8 4839 1 0.7 52.64

4.12 Q-Slope Rating

The Q- slope system stemmed out from the necessity and
tendency of applying to slopes the widely accepted Q-system
of rock mass classification that was originally developed
for tunnels (Barton et al. 1974). The original Q-system is
a quantitative classification system for estimates of tunnel
support, based on a numerical assessment of the rock mass
quality using the following six parameters:

1. Rock quality designation (RQD).

2. Number of joint sets (J,,).

3. Roughness of the most unfavorable joint or discontinuity
).

4. Degree of alteration or filling along the weakest joint
).

5. Water inflow (J,).

6. Stress condition given as the stress reduction factor
(SRF); composed of:

(a) Loosening load in the case of shear zones and clay
bearing rock,

(b) Rock stress in competent rock, and

(c) Squeezing and swelling loads in plastic, incompe-
tent rock.

@ Springer

The above six parameters are grouped into three quotients
to give the overall rock mass quality as follows:

_kop I Iy
o J, " SRF )

n

Q

i. The first two parameters represent the overall struc-
ture of the rock mass, and their quotient is a relative
measure of the block size.

ii. The second quotient is described as an indicator of the
inter-block shear strength.
iii. The third quotient is described as the “active stresses”.

However, the Q-system was not applicable to slopes. To
extend the application of Q-system of geomechanical clas-
sification to slopes, Bar and Barton (2015) proposed the new
Q-slope classification system.

Q-slope is an empirical rock slope engineering method
for assessing the stability of excavated rock slopes in the
field. Intended for use in reinforcement-free road or rail-
way cuttings or in opencast mines, Q-slope allows poten-
tial adjustments to be made to slope angles as rock mass
conditions become apparent during construction. Through
worldwide case studies, a simple correlation between
Q-slope and long-term stable slopes was established.
Q-slope was developed by supplementing the Q-system
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Fig. 12 Plot of Q-slope values
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which has been extensively used for characterizing rock
exposures, drillcore, and tunnels under construction for
several decades (Barton and Grimstad 2014). The param-
eters RQD, J,, J,, and J, in original Q-system remain
unchanged in Q-slope. However, a new method for apply-
ing J,/J, ratios to both sides of potential wedges (in case
of wedge failure indications), is used, with relative orien-
tation weightings for each side. The term J,,, is replaced
with J,;.. that accounts for long-term exposure of slopes
to various climatic and environmental conditions such as
intense erosive rainfall and ice-wedging effects. Slope-rel-
evant SRF categories for slope surface conditions, stress-
strength ratios, and major discontinuities such as faults,
weakness zones, or joint swarms have also been incorpo-
rated (Tables 7 and 8 of Bar and Barton 2017). Q-slope
method is applicable to slopes ranging from less than 5 m
to more than 250 m in height and is therefore applicable
to the slope locations of the present study.

The Q-slope method requires the assignment of ratings
for rock quality designation (RQD), joint set number (J,),
joint roughness number (J,), and joint alteration number (J,),
from the Q-system (Barton et al. 1974). The formula for
estimating Q-slope is as follows:

o=R (ﬁ X 0> o vice (8)

J J SRF

n a slope

where, O is the Discontinuity orientation factor. As with
the Q-system, the rock mass quality in Q-slope can be

Qslope

considered a function of three parameters, which are crude
measures of:

1. Block size: (RQD/J,).
Shear strength: least favorable (J,/i,) or average shear
strength in the case of wedges (J,/J,)1 X (J/J,)2.

3. External factors and stress: (/,.../SRF

wice/ slope) .

Shear resistance,t, is approximated using:

J
~ otan”!( =
T & o,tan <‘Ia ) ©)]

The Q-slope ratings for rock quality designation, RQD
(Deere 1963; Deere et al. 1967), joint set number (J,)), joint
roughness number (J,), and joint alteration number (/)
remain unchanged from the Q-system (Barton et al. 1974;
Barton and Bar 2015). The discontinuity orientation factor
(O-factor) described in Table 5 of Barton and Bar (2017)
provides orientation adjustments for discontinuities in rock
slopes.

The environmental and geological condition number, J ;..
is more sophisticated than J,, of the original Q-system, since
slopes are outside and exposed to the elements of weathering
for a long time and includes tropical rainfall, erosion effects
and ice-wedging effects (Table 6 of Bar and Barton 2017).
Adjustment factors in case of slope reinforcement or drainage
measures are also included.

Based on the evaluation of the parameters of Eq. (8), the
slopes can be classified as stable or unstable when related
between the Q-slope score of the slope in question and

@ Springer
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Table 12 Rating criteria and fa Failure hazard subfactors Rating Criteria and score
scores for the subfactors used
for quantification of fy (after 1 3 6 10
Pantelidis (2010))
fi Safety factor, F 2.0 1.5 1.25 <1.0
be lag-ay| >40°+ Aa 30°+ Aa 20°+ Aa <10°+Aa
f; GSI >90 80 65 <45
fa Volume of suspended rock mass 0.25 m? 0.5m’ 1.0 m* >2.0m’

per one-meter slope length

Aa=0°, 20°, 30°r 40° for planar slides in rock masses that belong to the R3(or greater), R2, R1 and RO
Wall Strength Grade class (Brown, (1981)), respectively. Aa=10° for flexural and block toppling (default

value)

the existing slope angle or slope dip in the form of a chart
(Fig. 12). The Q-slope scores for the slopes of each location in
the study area are determined and the results are presented in
Table 11. The scores are plotted on the Q-slope stability chart
to show their stability when their existing slopes are consid-
ered (Fig. 12).

One important aspect of Q-slope classification is the predic-
tion of safe slope angles based on the Q-slope scores. Barton
and Bar (2017) provided equations for four categories of prob-
ability of failure (PoF) namely 1% PoF, 15% PoF, 30% PoF and
50% PoF. They are as follows:

PoF 1% : B =20 1og;(Qyepe + 65° (10)
POF 15% : f§ = 20l0g;)Qyope + 67.5° (11)
POF 30% : f# = 20 10g,0Qyope + 70.5° (12)
PoF 50% : =20 logIOQslope +73.5° (13)

In the present study the safe slope angle g with 1% PoF
is considered from Eq. (10). The safe slope angles are pre-
sented against each slope locations that have structurally
controlled failure in the last column of Table 11. From
the plots in the Q-slope stability chart (Fig. 12) it can be
observed that L1, L3, L4, L8, L10 and L12 are presently
unstable slopes, and L9, L6 are stable slopes. The condition
of L11 and L7 are quasi-stable with uncertainty.

4.13 Hazard Index

An alternative rock mass classification system for rock
slopes in terms of rating scores that define a Hazard Index
(HI) was proposed by Pantelidis (2010). The failure haz-
ard of rock slopes is quantified in the form of rating tables
where two separate functions are combined to give the haz-
ard index. These are (1) function for normal (drained) con-
dition of rock cutting, denoted as fy and (2) function for
triggering mechanism for failure, denoted as f7;. This model

of rock mass classification of slopes strongly considers the
action of water in slope failure in addition to other factors
and also applies to both structurally and non-structurally
controlled slope failures. Since the study area experiences
heavy rainfall during the monsoons (Fig. 2) and rock slopes
in the study area are susceptible to triggering of failure by
water including the two slope locations L2 and L5 whose
instability is not structurally controlled, this classification
is well applicable for the present study.

The fc is obtained from a combination of one or two out
of four subfactors listed in Table 12. Each of these subfactors
is rated according to pre-determined quantitative criterion
on a scale from 1 to 10, including intermediate scores if
required. Subfactor f; applies only to the structurally con-
trolled failure (planar and wedge slides and topples) and is
largely based on the apparent shear strength of the discon-
tinuities. Subfactor f, is used only in the case of planar and
toppling failure and refers to the relative orientation of the
dominant failure planes with respect to the slope face (a;—o,)
where a4 and o are strikes of the discontinuity plane and
slope face respectively. For planar slides and flexural and
block topples, Pantelidis (2010) showed that:

Jne = 0141/
For wedge slides and toppling of individual blocks:

Ive =H (15)

Subfactors f; and f, applies to non-structurally controlled
slope failures and are related to the GSI and differential
weathering respectively. The GSI is based on assessment of
lithology, structure and conditions of discontinuity in rock
mass. Here the modified GSI values of the slope locations
as determined earlier have been used. Differential weather-
ing refers to the weight of the exposed unsupported (due to
undercutting by preferentially weathering of weaker rocks)
rock mass per one-meter length of slope. The stability condi-
tions of an undercut slope under drained conditions is given
by:

(14)
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fue = )" (16)

If there is no undercutting by differential weathering
and the slope has a non-structurally controlled failure that
includes rock mass containing randomly oriented discon-
tinuities but behaves as if it were isotropic, or excavations
with a loose surface (e.g. due to inefficient blasting) or
highly weathered rock slope masses, then the stability of
such slopes under drained conditions is given by:

Ine =5 17)

The quantitative attribution of the triggering mecha-
nism (fgy;) is specified by the influence of surface and
groundwater (drainage factor f;) and the ratio of the mean
annual precipitation to the critical annual precipitation
against the stability behavior of the rock slope. Drainage
factor f}, is obtained by field observation of the slope mate-
rials and the structures of the rock slopes and subsequently
by assigning scores (1, 3, 6 or 10) (Pantelidis 2010) as
described in Table 13.

The final score of the triggering mechanism fr); is
obtained by the product of the score of drainage factor f;,
and the ratio of mean annual precipitation to the critical
annual precipitation as follows:

]m
Jrm = I—fD (18)

where I is the mean annual precipitation, I, is the critical
annual precipitation height (/,,=700 mm, fixed conserva-
tive value) and f}, is the drainage factor. If 7, > I, then the
ratio (I /I,)=1in Eq. 11 (Pantelidis 2010). In studied slope
locations, /,,=761.31 mm (Sect. 2.3, Fig. 2) and is therefore
greater than /.. Therefore, in the study area ([, /,)=1.

The hazard index (HI) is expressed as follows:

HI = (fyc xfTM)% (19)

HI is given on a scale of 1-10 defining four intervals,
i.e., 1—4 (good), 4—6 (fair), 6—8 (poor) and 8§—10 (very
poor). The HI for the slopes of all the twelve locations in
the studied road-cut section is presented for both structur-
ally controlled and non-structurally controlled failure in
Table 14. The HI in the study area range between 2.19
and 8.9 and correspond to good to very poor category.
For wedge failure, HI varies between 3.46 and 8.94 cor-
responding to the range of good to very poor category
(Table 14). Location L8 gets classified as very poor and
L11 as good category. The remaining locations belong to
poor category as shown in Table 14. For toppling failure,
the HI range is 2.19—-8.94 (Table 4) and therefore ranges
between good and very poor category. L1 and L3 belong to
good, L9 is of fair, and L7, L8 are of very poor category.

@ Springer

For non-structurally controlled slopes, L2 belongs to poor
and L5 to very poor category.

5 Discussions
5.1 Identification of Unstable Slopes

From geological field investigations and from the several
slope mass rating classifications, locations L7, L8 and L10
are considered to be highly prone to failure. In these loca-
tions the road is ~6 m wide and the slope height is between
26 and 30 m (Table 2). Since the slope height is several
times larger than the road width, failure along ‘day-lighted’
discontinuity surfaces or wedge axis on the slope face at the
base of the slope, can translate large volumes of hanging
wall materials (debris) on to the road. The debris materials
can effectively block the road and can even overshoot the
road to the adjoining slope of the Bhagirathi River valley,
similar to what is observed in Fig. 6¢, d. The slope height
and the road width are therefore important parameters to
be taken into account during design of safe cut slopes. Fig-
ure 13 illustrates the probabilities of failure for the structur-
ally controlled slopes. As can be seen from Fig. 13a, the
probability of planar failure in L7 and wedge failure in L8
is 0.9 and that of L10 is 0.8. The slopes at L8 and L10 there-
fore require immediate mitigation. The probability of failure
by toppling (Fig. 13b) in these two slopes is relatively lower.
It has been particularly observed in the field, that slopes at
L7 (Fig. 7a) and L8 (Fig. 6a) have failed to a large extent,
exactly in accordance with kinematic predictions.

Two slopes, L2 and L5 show no structurally controlled
failure potentiality as indicated by kinematic analysis
(Fig. 9) but are marked by poor GSI values and poor to very
poor HI (Table 14). These slopes are therefore considered
potentially hazardous too, especially during monsoons.
Slope failure, if occurs in these locations, can initiate even
from natural slope portions that overlook the cut slopes and
may be shallow circular type and would resemble that of
failures illustrated in Fig. 6¢, d. Cut slopes of locations other
than those mentioned above in the study area and those that
are evaluated as partially stable, need to be under careful
monitoring and surveillance.

5.2 Proposition of New Stability Charts

Several geomechanical classification systems applied
to slopes have been used in this study for slope stabil-
ity assessment. Since the parameters chosen in each of
these classification systems vary from one another, slopes
classified as stable or partially stable in one system may
appear as unstable in others and vice-versa. For example,
slopes at L1 appear to be partially stable when classified
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Fig. 13 The plot of Continuous SMR values and classes against their corresponding probability of failure (Romana 1985; Romana et al. 2015),
for the locations of the study area for a Plane failure, b wedge failure and ¢ toppling failure

with continuous SMR (scores from Table 10 and cor-
responding stability from Table 8), but appear unstable
when classified with Q-slope (Fig. 12). The same slope
has a good category HI (Table 14) for wedge and a poor
category for toppling (Table 14). It is therefore proposed
to combine more than one classification systems simulta-
neously to define empirical stability fields in the form of
charts that characterizes the stability of a slope under con-
sideration. Two of the three geomechanical classification
systems — Continuous SMR, HI and Q-Slope are consid-
ered at a time to develop two-dimensional chart where the

stability fields are bounded by dark bold lines (Fig. 14).
Three charts are proposed namely Chart-1, Chart-2 and
Chart-3. These charts now characterize the stability of a
slope more objectively.

Chart-1 (Fig. 14a) is developed by combining the stabil-
ity classes of the continuous SMR and the HI. The chart
includes three stability fields viz. stable, severely unstable
and unstable. The slopes with structurally controlled fail-
ures are plotted in the chart to illustrate that L7 (plane), L8
(wedge) and L10 (wedge) are severely unstable.
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Fig. 14 Stability charts proposed in this work, based on combination
of three geomechanical classification of slopes that include Continu-
ous Slope Mass rating, Q-Slope and Hazard Index. Plots of the val-
ues of the slopes of the studied locations in the charts (p—plane, w—
wedge, t—topple) are also shown. a Chart-1 based on Hazard index
and continuous SMR, b Chart-2 based on Hazard Index and Q-Slope
and ¢ Chart-3 based on Continuous SMR and Q-Slope. In all the
charts, stability fields are bound by the bold lines

Chart-2 (Fig. 14b) is developed combining the HI and
the Q-Slope system and consists of three stability fields:
stable, unstable and severely unstable. A plot of the scores of
all slopes with structurally controlled failure in the Chart-2
reveals that L1 (wedge) and L10 (wedge) falls in the severely
unstable field. It is to be noted that L1 (wedge) which is
severely unstable in Chart-2 does not figure as unstable in
the Continuous SMR classification whereby its score cor-
responds to partially stable class (Table 8) as it is having
a score of 45.18 (Table 10). In Chart-2, L6 (wedge) is at
the boundary between stable and unstable and therefore will
be considered as unstable. L7 (plane) plots at the boundary

@ Springer

between severely unstable and unstable and will be consid-
ered severely unstable.

Chart-3 (Fig. 14c¢) is designed to combine the continuous
SMR and the Q-slope systems and comprises of three stabil-
ity fields: stable, severely unstable and unstable. Plots of the
studied slopes in this chart shows that the slope L7 (plane),
L8 (wedge) and L10 (wedge) figure as severely unstable.
However, L1 (topple) and L6 (wedge) plot as stable slopes
in Chart-3 but these same slopes plot as unstable in Charts-1
and 2.

In general, it is therefore suggested that all three charts
be used simultaneously for slope stability assessment at a
particular location and judgment has to be made accord-
ingly. For example, if a slope is classified to be stable in one
chart but unstable in other two charts, then the slope shall
be treated unstable. Based on the newly proposed charts, the
stability conditions of the studied slopes and the resulting
judgements are summarized in Table 15.

5.3 Validation of the Proposed Charts

Assessment of the stability conditions of the slopes in the
study area, based on the charts presented in Sect. 5.2 agrees
well with real life slope conditions in the field and there-
fore stands validated. Severely unstable condition represents
those slopes that have already failed partially and can fail
further under the existing conditions, or those that are at the
verge of failure or are presently failing. Slopes at locations
L7, L8, and L10 belong to the severely unstable category.
L7 slope is heavily jointed and have already failed by plane
sliding with the plane of failure exposed (Fig. 7a). In this
location, similar plane failure is imminent on blocks that
await to be transported down by plane sliding (Fig. 7a).
Some blocks apparently are on the verge of toppling and
few already toppled down as evidenced by blocky boulders
lying at the foot of the slope (Fig. 7a). Slope at location L8
is severely unstable and a part of it has wedge failed during
this study (Fig. 6a). Similar wedge failure in other parts of
the slope can get activated any moment under the present
condition and are therefore at the verge of failure. Slope
at L10 is severely unstable as it frequently shows wedge
failure at several parts of the slope (Fig. 6b) where wedge
blocks after failure pile up at the foot of the slope (Fig. 6b).
In addition to that, slope at L10 undergoes spalling of partly
weathered shells of the slope outward (Fig. 6b) that contrib-
ute to frequent rock falls.

Unstable condition represents those slopes that have
potential failure surfaces or wedge axis exposed for slid-
ing of overlying blocks or exposed tilted blocks ready for
topple. From the stability charts, slopes at several locations
reflect unstable conditions viz. L1, L3, L4, L6, L9, L11, and
L12. Slopes of these locations in the field are in good agree-
ment with the assessed stability conditions. For example, L4
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Table 15 Stability conditions of slopes in the studied locations, based on newly proposed stability charts

Slope location Failure type

Stability condition

Judgment and requirements

Chart-1 Chart-2 Chart-3
L1 Wedge Unstable Severely unstable Unstable Unstable
Topple Unstable Unstable Stable Unstable
L2 Non- Structurally con- Unstable (From HI)
trolled failure
L3 Wedge Unstable Unstable Unstable Unstable
Topple Stable Stable Stable Stable
L4 Plane Unstable Stable Unstable Unstable
Wedge Unstable Unstable Unstable Unstable
L5 Non- structurally controlled Severely unstable (From HI)
failure especially during monsoon
L6 Wedge Unstable Unstable Stable Unstable
L7 Plane Severely Unstable Unstable to severely Severely unstable Severely unstable (Requires
unstable immediate mitigation)
Topple Unstable Unstable Unstable Unstable
L8 Wedge Severely unstable Unstable Severely unstable Severely Unstable (Requires
immediate mitigation)
Topple Unstable Stable Unstable Unstable
L9 Topple Unstable Stable Unstable Unstable
L10 Wedge Severely Unstable Severely Unstable Severely Unstable Severely Unstable (Requires
immediate mitigation)
L11 Wedge Unstable Stable Unstable Unstable
L12 Wedge Unstable Unstable Unstable Unstable

is having both plane and wedge instability (Table 15) and
Fig. 7b illustrates the slope condition of L4 where plane
and wedge elements (indicated by black and white arrows
respectively) lie exposed, along which failures have occurred
earlier. Several blocks that overlie the plane and wedge ele-
ments await sliding down. The whole slope is therefore
unstable.

A second example of unstable slope is L9 where instabil-
ity in indicated by toppling failure. Figure 7d illustrate this
condition at L9 where several blocks project out of the slope,
especially at the high grounds that are likely to topple. As
a validation of such unstable condition, it can be observed
that some blocks have already toppled (top right corner of
Fig. 7d) creating a vacant space where the toppled block
originally existed.

Similarly, a third example of unstable slope condition is
that of L11 where a wedge instability is indicated. This is
illustrated in Fig. 7c. The large wedge block tends to slide
out of the slope face along the direction of the black arrow
(wedge axis). Several vacant spaces exist along the slope
where wedge blocks were originally secured, have now slid
down. Similar validations apply in all other locations where
unstable slopes are indicated.

5.4 Comparison Between Geo-Mechanical
Classification Methods for Slopes

The results of the analysis for the locations in the study area
markedly vary in their scores for different parameters of
evaluation (Tables 10, 11, 14). All SMR methods used in
this study apply to structurally controlled failure of slopes
whereas the HI is used for both structurally and non-structur-
ally controlled slope failures. The original SMR values for
every location in general are reduced to some extent while
evaluating by continuous-SMR method, but in both cases
the stability class and category remain unchanged. The Chi-
nese SMR predicts a relatively higher value for each location
when compared to original SMR and continuous SMR. This
is due to modification of original SMR by addition of two
factors i.e., the height factor £ for slopes higher than 80 m
and the discontinuity condition factor A. For our study, since
all the heights of slopes of the road-cuts are less than 80 m,
the height factor ( is taken as 1. The discontinuity factor A
induces an increase while calculating Chinese SMR. It can
be observed that Chinese SMR also predicts relatively safer
slope conditions that are otherwise classified as unstable or
partially stable by original and continuous SMR. Therefore,
the continuous-SMR is a preferred method of slope assess-
ment since it predicts the lowest scores.

@ Springer
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Fig. 15 Comparative column plots of original SMR, Continuous
SMR, Chinese SMR, Hazard Index and Q-Slope for locations that
have potential for a plane failure, b wedge failure and ¢ toppling fail-
ure

The Q-Slope is important in depicting the stability sta-
tus of the slope that is largely controlled by existing slope
dip and its corresponding Q- slope score. The Q-slope also
provides a safe slope angle amount with 1% probability of
failure for unstable slopes. In addition to that the Q-slope
considers the environmental conditions to which the slope
is exposed and that includes rainfall and extremes of tem-
perature which the study area is frequently exposed to.
Therefore Q-Slope is a preferred method for slope stability
assessment.

@ Springer

The HI is an important rating parameter applied for both
structurally and non-structurally controlled slopes. This
parameter has an added advantage of considering the effect
of rainfall, surface and groundwater, vegetation and weather-
ability of the slope that constitute the triggering factor and
are combined with subfactors for normally drained condi-
tions of rock slopes to give a stability index. HI can therefore
be clearly considered as a preferred method of slope stability
assessment.

Figure 15 illustrates the column plots of all the Geome-
chanical classification systems of the slopes applied in the
present study for the slopes that have indications of plane
failure (Fig. 15a), wedge failure (Fig. 15b) and toppling
failure (Fig. 15c). It can be inferred from Fig. 15a, b, that
the Q-Slope is more sensitive as it distinguishes the stabil-
ity of slopes with relatively more contrast when compared
to continuous SMR and HI for plane and wedge failures
respectively. In case of toppling failures (Fig. 15¢), the HI
and Q-slope are apparently both sensitive when compared
with the Continuous SMR for the slopes of the study area.

5.5 Microstructural Implications on Slope Failure

Microstructural study reveals that there are several impor-
tant parameters by which rock microstructure can trig-
ger rock slope instability in the studied slope locations.
The first is the anisotropy induced by foliation planes in
quartzite, schistose quartzite and phyllite. Strength aniso-
tropies of foliated rocks can be pronounced with compres-
sive strengths varying as a function of angle (f), measured
between foliation (S1) and vertically oriented compression
axis (Fig. 16a) It is now well recognized that foliated rock
samples loaded in orientations that result in large shear
stresses resolved on the foliation plane are often several
times weaker than those shortened parallel to or perpen-
dicular to the foliation (Shea and Kronenberg 1993) as
established from the experimental study of strength ani-
sotropy of foliated rocks in compression tests (Donath
1964, McLamore and Gray 1967, Hoek 1968, Attewell and
Sandford 1974, Brown et al. 1977, on shales and slates,
Ramamurthy et al. 1988, on phyllites, Akai et al. 1970,
McCabe and Koerner 1975, Shea and Kronenberg 1993,
Behrestagi et al. 1996, Nasseri et al. 1997, 2003, Singh
et al. 2001, Zhang et al. 2011 and Ferreidooni et al. 2016
on gneisses, phyllites and schists). For tested foliated rocks,
it has been established that the maximum value of cohesion
and friction angles were obtained at f=90° and f=0°,
and the minimum value of these parameters were obtained
at 0° << 30° and 30° < < 90° respectively (Ferreidooni
et al. 2016). Hence, strength of foliated rocks is higher for
values of f=0° and f=90°, and the unconfined strength
has a minimum range of 2.5-7 MPa for phyllites when
15° < <30° (Ferreidooni et al. 2016). In the locations of
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Fig.16 Vertical loading on foliations; a Definition of f as angle
between foliation and vertical b vertical loading on the foliation plane
by the weight W of the hanging wall block; ¢ equal area lower hemi-
spherical projection of poles (black filled circles) to the penetrative folia-
tion at the locations of the study area. Great circle represents the mean
orientation of the foliation. Pole to mean orientation of the foliation is
indicated as red filled circle

the study area, S is equivalent to the vertical component
of the load of the hanging wall of the foliated rocks on
the foliation plane (Fig. 16b) and the foliations have mean
orientation of 62° —28° (Fig. 16¢). The dip of the folia-
tion (o) range 45°-70° and therefore f=(90°-a) ranges
45°—20° and thus corresponds to the loading orientations
(15° < <30°) of rocks that lead to reduction in cohesion,
friction angle and strength along foliation joints under the
influence of vertical load. The mean strength (UCS) of the
phyllites with f=90° is 30.27 MPa (Table 3) under dry
condition as determined in the laboratory. This is even
less than the strength of phyllites (UCS 48 MPa) when
compressed with #=90° in the experiments by Ferreidooni
et al. (2016). In the study area, the vertical stress acting
on the foliation plane in phyllites located at a depth of as
low as 130 m is 3.48 MPa considering the density of phyl-
lites determined as 2.727 (Table 3). Under these conditions
the phyllites are liable to fail along foliation plane if f is
20°(i.e., dip of the foliation is 70°), if the cut slope exposes
the phyllites on the slope face along the dip-direction of
the foliation. However, it is to be noted that the height dif-
ference between the road level on the slope and the nearest
peak of the topography is frequently > 300 m and therefore
the hanging wall thickness measured along vertical, above
the foliation is commonly 300-400 m and is far greater
than 130 m considered above. Consequently, this implies
8—10 MPa vertical stress on the foliation and that could
lead to failure along foliation planes with dip amounts in
the range of 56° — 60°, if unconfined (Fig. 2 of Ferreidooni
et al. 2016).

A second microstructural parameter that contributes to
strength anisotropy is the volume percentage of mica in
the foliated rocks. Several theoretical studies have shown
that the strength of polyphase aggregates including quartz,
feldspar, and mica depend strongly on the volume propor-
tion of the weakest phase i.e., mica. In general, under verti-
cal loads with 30° < < 90°, decreasing strength, decreas-
ing anisotropy and increasing ductility are observed with
increasing mica content in foliated rocks with volumet-
ric proportion of mica range of 15-75% and stress—strain
response and grain scale deformation microstructures
in such rocks both indicate that mechanical behavior is
strongly influenced by concentration and spatial arrange-
ment of micas (Shea and Kronenberg 1993). In the study
area mica volume proportions vary between 15% (quartz-
ite) to 80% (phyllite) and micas define the cleavage by
strong shape preferred orientation in schist and phyllite
(Fig. 10b, c). This therefore indicate the possibility of slip
by ductile glide along mica long dimensions in the mica-
rich cleavage domains under persistent vertical load on
dipping foliations emulating the condition 30° < <90°.
Possibility of failure based on the above microstructural
properties apply to the slopes of L8.
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The third and a very important parameter is the presence
of water seepage pathways along foliation planes that can
largely reduce friction angle along discontinuities and cleav-
age planes due to lubrication effect or water-induced decom-
position of rock material along foliation, if water infiltrates
during heavy rainfall. For example, in location L9 (Fig. 9,
L9), only toppling failure is indicated by kinematic analysis.
The wedge axis formed by intersection of joints J2 and J3
lies outside the friction circle and therefore a wedge failure is
precluded. However, if infiltrated water along foliation planes
and J2 and J3 act as a lubricant and increase the water pres-
sure and thereby decrease the friction angle of the disconti-
nuities, then the diameter of the friction circle may become
large enough in the stereogram of L9 in Fig. 9 to contain
the wedge axis inside it. Consequently, a wedge failure then
becomes kinematically possible, in addition to the toppling
failure in L9 (Fig. 9). In such a situation the foliations will
act as a release surface since they dip towards northeast. This
is true for all those locations where such conditions apply.

5.6 Integrating Rock Microstructure with Proposed
Stability Charts

As indicated in Fig. 3, the final judgment on slope stability
condition should be formed after integration of microstruc-
tural information with the geomechanical stability informa-
tion from the proposed charts. The importance of this inte-
gration stems out from the fact that geomechanical stability
condition of slopes may be additionally influenced by rock
microstructure and composition as discussed in the previous
section. Weakening of cohesive strength along penetrative
foliation planes due to water seepage may induce a failure
along foliation plane in an otherwise ‘stable’ looking slope
especially during monsoons.

Some slopes that have been identified as unstable from
the proposed stability charts may convert to ‘severely unsta-
ble’ category if the slope contain appropriately oriented
‘day-lighted’ foliation planes that are dominantly defined
by mica and where volume percentage of mica is relatively
higher in the foliated rocks that dip out from the slope. This
is often the case when phyllites and slates are intercalated
with other rock types that constitute a slope, for example L1,
L8, L9 and L10.

In the study area, foliations are sometimes parallel or
sub-parallel to one set of joint (for example J3 in L8) and
sometimes at an angle to other joint set (for example J2 in
L8). This forms a favorable situation for water to perme-
ate through J2 and soak and seep through the foliations and
consequently increases the tendency of the foliated block of
rock overlying J3 to slide along J3. L8 has already been iden-
tified as a severely unstable slope. Likewise, other unstable
slopes need to be further examined for their ‘severity’, if any,
caused by rock microstructure and composition.

@ Springer

5.7 Interlink and Interdependence Between
the Studied Parameters

The parameters used in this study, indicate particular condi-
tions of slopes when studied individually, and also provides
new information on the stability conditions of rock slopes
when interlinked and studied in combinations. Natural slope
distribution controls the steepness of slopes at different loca-
tions along the highway. Where valleys dissect spurs and
intersect the road section, the slopes are relatively gentler
compared to those on spurs and do not pose any risk of slope
failures. However, these points may be hazardous during the
monsoons at peak precipitation times due to surface run-off.
The orientation of the cut-slope face depends on the natural
slope distribution and the method of excavation and are there-
fore interlinked. The kinematic analysis involving orientations
of cut slope and discontinuities and internal friction angle are
therefore linked to the distribution and orientation of natural
slopes. The several slope mass rating parameters used in this
study generated rating scores using engineering properties of
rocks, slope height, slope vegetation, rainfall, weatherability,
rock mass properties, type of kinematic failure possibilities
and geometric orientation of —natural slopes, slope face and
discontinuities in various combinations and thereby indicate
the interdependence of the parameters. Microstructural char-
acterization provides additional information on directional
anisotropy and evidence of water circulation along incipient
planes parallel to rock cleavage and both of which can contrib-
ute to slope failure by strength reduction during the monsoon
along planes that are apparently safe in dry conditions. Micro-
structures contributing to directional anisotropy also controls
the engineering geological properties of rocks viz. UCS, PLSI
and tensile strength and are therefore interlinked.

6 Conclusions

A multi-parametric integrated approach has been adopted in
the study of slope stability assessment along a stretch of Dhar-
asu-Uttarkashi highway in the topographically rugged terrains
of the Lesser Himalayas in India. The parameters used in the
study include distribution of steepness of natural slopes, field
observations and new data on existing slope failures, cut-slope
height, cut-slope face orientation, number of discontinuities
and their orientations, structural elements, rock mass char-
acteristics, weatherability, kinematic analysis of slopes, rock
microstructures and geomechanical classification of slopes.
The parameters are all interlinked and interdependent and
therefore yield results and information on stability conditions
of road-cut slopes that are fairly comprehensive. Based on the
combined study of the above parameters, the assessment of sta-
bility of road-cut slopes in the study area has been performed
for twelve locations (IL1—L12) on the road-cut sections where
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the slopes have not yet failed. A new set of stability charts is
developed on the basis of continuous slope mass rating, hazard
index and Q-Slope systems of geomechanical classification of
slopes. The slopes with possibility of structurally controlled
failure were classified on the basis of this newly proposed
stability charts as one of the three types: severely unstable,
unstable and stable. The slopes whose failure potentials are
not structurally controlled were assessed to have a Hazard
Index of poor to very poor category and could lead to rainfall-
induced failures. Based on new stability charts, slopes at loca-
tions L7, L8 and L10 were assessed to be severely unstable.
Rock microstructural strength anisotropy and water seepage
along foliation planes can additionally induce failure in slope
locations L1, L8, L9 and L10, especially during monsoons.
From reconnaissance, it was observed that, particularly in the
southern side beyond the study area, several other sections of
the Dharasu-Uttarkashi roadway are threatened by slope insta-
bilities. Similar studies in those sections need to be performed
systematically in future to ensure safety of the entire roadway.
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