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Abstract: In tropical climates, exposed rock slopes are significantly weathered to form extensive weathering profiles.
Combined with other factors such as slope orientation, discontinuities, and weather conditions, rock slope conditions need
to be monitored for potential instability and failures. Rock mass classification is one of the most widely used empirical
methods of classifying rock mass slope properties. Several rock mass classifications have been developed each year based
on different rock mass parameters. This paper evaluated various cut rock slopes along Karak-Lanchang, Pahang, which
showed potential failure zones from discontinuity sets and weathering zones, using selected rock mass classification
systems. The rock slope mapping was carried out using conventional field mapping and Terrestrial Laser Scanning (TLS).
Comparison between the mapped discontinuities and the discontinuities extracted from TLS revealed some degree of
correlation. From the discontinuities mapping, kinematic analysis identified several potential slope failure modes. The
stability conditions of the slopes were determined, and a comparative analysis of the different rock mass classifications
was carried out. The paper highlights the significance of the classification results and discusses the contributing factors
that affected the results of the various classifications. A more comprehensive classification of rock slopes is presented in
this paper by comparing the results obtained from the different rock mass classifications.
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Abstrak: Dengan iklim tropika, cerun batu yang terdedah mengalami proses luluhawa dengan ketara, justeru menghasilkan
profil luluhawa yang meluas. Digabungkan dengan faktor lain seperti orientasi cerun, ketakselanjaran, dan keadaan cuaca,
terdapat keperluan untuk memantau keadaan cerun batuan untuk potensi ketidakstabilan dan kegagalan perlu dilakukan.
Pengelasan jasad batuan adalah salah satu kaedah empirikal yang paling banyak digunakan bagi mengklasifikasikan sifat
jasad cerun batuan. Beberapa pembangunan sistem pengelasan jasad batuan telah dilakukan, berdasarkan kepada beberapa
parameter jasad batuan yang berbeza. Di dalam kertas kajian ini, beberapa cerun batu di sepanjang jalan Karak-Lanchang,
Pahang, yang menunjukkan zon berpotensi mengalami kegagalan pengaruh daripada set ketakselanjaran dan zon luluhawa,
telah dinilai menggunakan sistem pengelasan jasad batuan yang terpilih. Pemetaan cerun batuan dilakukan menggunakan
pemetaan lapangan konvensional, serta pemetaan menggunakan Terrestrial Laser Scanning (TLS). Perbandingan antara
ketakselanjaran daripada pemetaan lapangan dan ketakselanjaran yang diproses daripada pemetaan TLS menunjukkan terdapat
korelasi di antara dua data tersebut. Analisis kinematik telah mengenalpasti beberapa potentsi untuk mod kegagalan cerun,
berdasarkan kepada data pemetaan ketakselanjaran. Kesestabilan cerun dikenal pasti, dan analisis perbandingan antara sistem
pengelasan jasad batuan yang berbeza telah digunakan. Kertas kajian ini menunjukkan kepentingan hasil dari pengelasan,
dimana faktor yang mempengaruhi hasil pengelasan dibincangkan. Pengelasan cerun batuan yang lebih komprehensif
berdasarkan perbandingan hasil analisis antara pengelasan jasad batuan yang berbeza dibentangkan dalam kertas kajian ini.

Kata kunci: Pengelasan jasad batuan, TLS, granit, geologi kejuruteraan

INTRODUCTION

Malaysia’s topography consists of many mountains and
highlands, with developments such as high-rise buildings
and the construction of roads and highways taking place
along these bodies of rocks. With the continuous depletion
of low-lying areas for development, more rock slopes are
being excavated to make way for development. This exposes
more and more people to the risk of slope failures. Over
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recent years, slope failures have become frequent, and they
are one of the most destructive natural disasters besides
flooding (Abdul Rahman & Mapjabil, 2017). Slope failures
over constructed slopes significantly endanger human lives
and economic development, especially where highways are
involved (Awang et al., 2021b; Zaini et al., 2022). Although
failures of rock slopes that have weathered to form residual
soil are common in equatorial conditions such as those in
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Malaysia, the geological properties of the slopes (i.e., the
underlying rock unit and geological structures) are still a
significant cause of landslides, having been reported as the
main contributing factor to landslides worldwide (Highland
& Bobrowsky, 2008; Public Work Department, 2009). A
rock mass is heterogeneous and anisotropic, consisting of
discontinuities that are produced from stresses due to tectonic
activities or weathering effects (Nagendran et al., 2019). An
improper understanding of this complexity may lead to rock
slopes failing repeatedly, even though protection measures
may have been applied to these problematic slopes. Several
case studies reveal highways and roads in Malaysia which
repeatedly fail, despite the use of slope protection measures,
suggesting the latter are incorrect and the result of a lack
of proper understanding of the underlying rock unit and
geological features of the slopes (Tan, 2017).

Given the concerns about slope stability, several
methods are available for evaluating it. Generally, these
are divided into kinematic analysis, limit equilibrium,
numerical modelling, and empirical methods (Basahel &
Mitri, 2017). Kinematic analysis has been a staple for the
majority of rock slope analysis by practitioners in Malaysia,
where engineering studies of rock slopes are based on
measurement and analysis of discontinuities by stereographic
projection (Tan, 2017). The technique uses a discontinuity
orientation projection by pole, which depicts the dip and
the dip direction of the joint on a 2D stereonet (Price &
Cosgrove, 1990). Case studies of previously published rock
slope stability assessments in Malaysia by Abdul Rahim e?
al. (2023) show a prevalence of kinematic analysis, with
stability rating and numerical analysis being two other
commonly used methods.

Rock mass classifications fall under the empirical method
and are among Malaysia’s most commonly used assessments
of rock slope stability. They were initially developed for
underground excavations to design underground projects
(Bieniawski, 1993; Hoek, 2007). Rock mass classification
ratings have been developed from several parameters,
including numerical values and weighing factors, whereby
an empirical formula was derived from the weighing values
to obtain a final rating for a rock mass (Hack et al., 2003).
In subsequent studies, this classification system was applied
by calibrating relevant parameters for surface excavation,
making it applicable to classifying cut slopes (Pantelidis,
2009). Rock mass classifications have continued to be used
due to their simplicity and capacity to manage uncertainty
(Anbazhagan et al., 2017). Recently, several researchers
have carried out comparative analysis using rock mass
classifications (Basahel & Mitri, 2017; Kundu et al., 2017,
Sardana et al., 2019; Khanna & Dubey, 2021), proving the
validity of this method for rock slope stability analysis.

Although the parameters for rock mass stability
analysis and classification are commonly obtained through
conventional field mapping, developments in remote sensing,
such as Structure from Motion (SfM), photogrammetry,

and Light Detection and Ranging (LiDAR), have led to the
integration of these methods into the mapping of rock mass
surfaces. One application of LiDAR for rock slope mapping
is the Terrestrial Laser Scanning (TLS), which is among
the methods available to extract rock mass discontinuity
automatically using three-dimensional models (Battulwar e?
al.,2021). These techniques have been used for discontinuity
extraction in rock mass classification (Riquelme et al.,
2016; Papathanassiou et al., 2020), and they are used to
complement manual data collection where physical access
is impossible (Bordehore et al., 2017). Examples of local
studies utilising TLS for discontinuity extraction for rock
mass characterisation include the works by Hellmy et
al. (2019), Roslan ef al. (2019), and Ismail ef al. (2022).
Romana et al. (2015) briefly reviewed the application of
the photogrammetric technique and LiDAR in relation to
the development of rock mass classifications, indicating that
these techniques can be utilised to obtain parameters relevant
to rock mass classification. Their application means that the
kinematics and rock mass classification of rock slopes can
be calculated from discontinuity extraction through TLS or
other remote sensing methods. Implementing these methods
would be an improvement by not only making rock slope
assessment convenient and fast but also improving the
assessment quality (Abdul Rahim et al., 2023).

This study aimed to conduct a comparative analysis of
the classification of the rock slopes in the study area. For
that purpose, discontinuity mapping of the rock slopes was
carried out using both conventional field mapping and TLS
mapping. Kinematic analysis of the slopes was conducted
to identify the most likely mode of failure. Then, several
different rock mass classifications were chosen: the original
Rock Mass Rating (RMR) (RMR,) (Bieniawski, 1973;
1976; 1979; 1989); the continuous function RMR, otherwise
known as the Modified-RMR (M-RMR) (Sen & Sadagah,
2003); the 2014 RMR update (RMR ) (Celada et al., 2014),
the original Slope Mass Rating (SMR) (Romana, 1985); the
continuous function SMR (CSMR) (Tomas et al., 2007); the
graphical SMR (GSMR) (Tomas et al., 2012); the Q-slope
system, shortened to the Q-slope (Barton & Bar, 2015); the
original Geological Strength Index (GSI), otherwise known
as GSI,, (Hoek et al., 1995); the 2002 quantification of GSI
(GSI,,) (Sonmez & Ulusay, 2002); the 2013 quantification of
GSI (GSI,,) (Hoek et al., 2013); the Slope Stability Rating
(SSR) (Taheri & Tani, 2010); and the Hazard Index (HI)
(Pantelidis, 2010). The rock mass classification and stability
analysis of the slopes produced using these methods were
then examined for their validity, and the slope classification
and stability categories were compared.

STUDY AREA
The study area comprises three rock slopes along the
Karak-Lanchang section. The study area passes through the
Central Belt of Peninsular Malaysia, where Carboniferous
to Permian aged sedimentary and metasedimentary rocks
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dominate the geology, along with Triassic interbedded
sedimentary rocks and volcanics, Jurassic continental
sedimentary deposits, and granitic bodies. The reported
rock units along the highway include the Tembeling Group,
Semantan Formation, and Seri Jaya Beds, as well as volcanic
and granitoid types (Simon ef al., 2008; Tan et al., 2008).

The study was focused on the rock mass characteristics
of the granitic rock slopes (Figure 1). The selected slopes
are large granitic slopes that are not covered with significant
protection such as shotcrete or rock mesh. They are
structurally controlled, i.e. exhibiting discontinuity sets,
which may trigger potential failures (Awang et al., 2021a).
These granites are part of the Eastern Belt of Peninsular
Malaysia granitoids, which are predominantly of the I-type
and range widely in age from the Permian to the Triassic and
Upper Cretaceous (Gasparon & Varne, 1995). In Kuantan,
the granite is an isolated pluton of the I-type of fractionated
hornblende biotite granite of the Late Permian age. The area’s
granite is graded, ranging from coarse-grained, primary
textured equigranular to porphyrytic biotite and hornblende
granite (Cobbing et al., 1992). Biotite granite is reported to
comprise most of the granite, which consists of medium-
grained to coarse-grained rock with a subhedral-granular
texture, which is made up of quartz, K-feldspar, plagioclase,
muscovite, and biotite (Schwartz et al., 1995). Recent studies
on the granite of Pahang relate to its role as a parent rock
for bauxite (Nugraheni et al., 2018) and the concentration of
rare earth elements in weathered granite (Ghani ef al. 2019).

METHODOLOGY
Study site and procedure for field data collection

Three slopes were selected for the discontinuity
mapping and stability analysis using kinematic and rock
mass classifications. The basic features of the slopes are
summarised in Table 1, with the scanline lengths along
the slope surface noted. An overall view of the rock slopes
examined in this study is shown in Figure 2.

Geological mapping was carried out by implementing
the scanline method, which involves using measurement tape
along the length of cut rock slopes and keeping the tape
as flat as possible along the slope’s surface. Measurement
and observation along the scanlines were recorded with the
starting point of the lines. GPS measurements were taken
for each end of the scanlines, where the coordinates and
elevations were recorded. The rock types were identified
visually for each scanline, using reference charts for grain
size, colour, and texture. Photographs and field notes of
the slope area were taken, and weathering profiles were
also noted alongside the rock units. The weathering

Table 1: Summary of basic features of studied slopes.
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Figure 1: Geological rock unit along the Lanchang-Karak area, with the studied slopes highlighted in a red circle. Geology

modified from Tate et al. (2008).
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Site 3

Figure 2: Overview of the rock slopes examined in this study, with the alignment of the scanlines.

mapping used the measurements from a Schmidt Rebound
Hammer, which notes the value of the rebound hammer
for the different weathering grades of the rock surface. For
discontinuity mapping, several parameters relevant to rock
mass classification were measured: the type of discontinuity,
dip and dip direction, length/persistence, width/aperture,
weathering, spacing, condition of joint surface, and presence
of water. Finally, the slope geometry (i.e., the height, dip,
and dip direction) was measured.

The mapping process of the geologic unit and
discontinuity followed the British Standards Institution
(BSI) (2018) standard. The weathering condition of the cut
slopes was investigated following the BSI standard (2015).
In addition, the classifications by the ISRM (Komoo, 1995;
Fookes, 1997; Ulusay & Hudson, 2007) were also adopted
during field mapping to enable more accurate descriptions
of the weathering grade of the granite in the field.

TLS mapping and discontinuity extraction

A laser scanning survey is a remote sensing method
used to supplement conventional methods for measuring
and recording discontinuities on rock slopes. The terrestrial
laser scanning (TLS) method was chosen for discontinuity
extraction from the surfaces of the cut slopes. The scanner
produces a point cloud with which a highly detailed 3D
terrain model can be constructed.

The slope surfaces were scanned using a single Teledyne
Optech Polaris TLS unit. The TLS survey was carried out
by following the methods suggested by the ISRM for using
3D laser scanning for rock mechanics and rock engineering
applications (Ulusay, 2015). The control targets of the rock
slope were registered by following the methods suggested
and tested by Sturzenegger & Stead (2009). In this study,

data registration was carried out using the scanner, which
accurately measures the orientation of discontinuities
from the slope. At each study site, the rock slopes were
measured from several control points or stations to obtain
more comprehensive slope views and avoid occlusions.
Varying degrees of horizontal and vertical views of the
slopes were measured at each station. The TLS middle
range performance is up to 40 m for a detailed scan and
up to 350 m for the standard scan. Several control points
were used to scan the slope surfaces. The scanning time for
each station was estimated as 8 to 30 minutes. The scanned
rock slope surfaces were then registered before the point
cloud data were processed.

At each site, the control points for TLS were identified,
with the instrument set up on a known point using a
combination of tripod and tribrach before being levelled
using an electronic bubble on its onboard interface. The
instrument took GPS measurements internally at the start
of each scanning procedure. The scanning process followed
the setting up of the survey parameters: the horizontal field
of view (HFOV), vertical field of view (VFOV), range,
and scan density. Upon completion of the TLS surveying,
the measured point cloud data were processed using the
ATLAScan software.

The next step was the extraction of discontinuities
sets from the point cloud data using the Discontinuity Set
Extractor (DSE) software developed by Adrian Riquelme
(Riquelme et al., 2014) to extract discontinuities set from
the point clouds of the rock mass. The normal vectors of the
point clouds were calculated using the known algorithm and
the Kernel Density Estimation method (Botev), whereby each
point of the point cloud was assigned to a group of planes,
which were subsequently grouped into discontinuity sets.
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Laboratory testing

Selected samples of rock mass from the slopes were
collected for physico-mechanical tests, which included point
load strength (PLS) tests, uniaxial compressive strength
(UCS) tests, slake durability, and friction angle tests. For
both the PLS and UCS tests, the procedures were conducted
according to the method suggested by the ISRM (Ulusay
& Hudson, 2007; Ulusay, 2015). The friction angles of the
samples were determined from tilt tests, following the steps
outlined by the ISRM (Alejano et al., 2018).

Kinematic analysis

After mapping the discontinuities —using either scanline
mapping or TLS mapping — the next step was to carry out
kinematic analysis. Discontinuities readings were analysed
using the DIPS software (Rocscience Inc., 2014), whereby
the potential rock failure for the discontinuities sets can be
calculated using the Markland Test principle (Hoek & Bray,
1981). A visualisation of the discontinuities and structural
data using stereonet techniques was made available, and other
computational features were carried out, such as statistical
contouring of orientation clustering, mean orientation and
confidence estimation, cluster variance, kinematic analysis,
and qualitative and quantitative attribute analysis. The
likelihood and potential for the different failure modes
(planar, wedge, and topping) could then be determined. The
failure potential of each slope was used in the calculation for
the rock mass classification of the SMR, Q-slope, and HI.

Rock mass classification

As mentioned previously, several different rock mass
classifications were utilised in this study. The parameters
of each classification are as follows:

The original Rock Mass Rating (RMR), or RMR/
(Bieniawski, 1973; 1976; 1979; 1989), is calculated using
five parameters: the strength of the intact rock material
(uniaxial compressive test (UCS) or point load strength
(PLS)) (R;), rock quality designation Ryop): spacing between
discontinuities (Ry,), condition of discontinuities (R,
and groundwater condition (R_;). The RMR  equation is
shown as Eq. 1.

RMR89 = RS + RRQD * I.{SD + RCD + RCG (1)

The continuous function RMR, or the Modified-RMR
(M-RMR) (Sen & Sadagah, 2003), uses the same parameters
as the RMR_ . However, instead of ranking the parameters
based on the user’s experience and selecting the discrete
values as the original RMR does, the classification uses the
continuous rating function of the RMR,. The classification
calculation applies to either the PLS reading (Eq. 2) or the UCS
reading (Eq. 3) of selected rock samples taken from slopes.

M-RMR = 0.2(RQD) + 15log(SD) + 1.670 , + 2.9log
(Groundwater flow) + 35.67 + R 2)

M-RMR = 0.2(RQD) + 15log(SD) + 0.075 ; + 2.9log
(Groundwater flow) + 34.00 + R 3)

The 2014 RMR update (RMR14) (Celada et al., 2014)
combines the R, and Ry, parameters of RMR, to form
the density of discontinuities (RDD), modifies the rating
for RCD (R.,,,), and adds a new parameter, the intact
rock alterability rating (R, ,), using the values from Slake
Durability tests. The RMR , equation is shown as Eq. 4.

RMRM = RB + RDD + RCD14+ RIRA + RCG (4)

The original Slope Mass Rating (SMR) (Romana, 1985)
adds the adjustment factors F, F, F,, and F, to the reading
of the original RMR, where F  is an adjustment factor based
on the parallelism between the joint strike (ocj) (or the plunge
direction of the intersection line of two planes (o)) and the
slope face strike (as); F, refers to the joint dip angle (Bj)
in planar failure, or the plunge of the intersection line of
two planes (B,) in wedge-type failure mode; F, reflects the
effect of the angle between the slope face dip (Bs) and the
joint dip (Bj), or the plunge of the intersection line of two
planes (Bi); and F4 is an adjustment factor based on the
excavation method used on the slope. The SMR equation
is shown as Eq. 5.

SMR=RMR +F F F,+F, (5)

The continuous function SMR (CSMR) (Tomas et al.,
2007) uses the same formula as the original SMR, with the
modification that the F,, F,, and F, factors are calculated
using continuous functions, as opposed to the discrete rating
used in the original SMR. The calculations for each factor
are shown in Eq. 6 — Eq. 9.

F, = (16/25) — (3/500)arctan[(1/10) (JA]-17)]  (6)

where |A| = |a. - o] for planar failure mode, or |o, -
a, - 180| for toppling failure mode, or |a, - o] for wedge
failure mode.

F, = (9/16) + (1/195)arctan[(17/100) (B-5)] (7)

where B = dip angle of the joint, ﬁj for planar or toppling
failure mode, or the plunge of the intersection line of two
planes, B, for wedge failure mode.

F,=-30 + (1/30)arctan C ®)

where C = difference in angle between the joint dip and
slope dip, Bj — B, for planar failure mode, or the difference
in angle between the plunge of the intersection line of two
planes and slope dip, B, — B, for wedge failure mode. For
toppling failure, the FS calculation is shown in Eq. 9:

F,=-13 + (1/7)arctan (C-120) 9
where C = sum of the two dip angles of the joint and
slope, Bj - B,
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The graphical SMR (GSMR) (Tomas et al., 2012)
combines the F, and F, parameters under the parameter ¥,
with both the ¥ and F, parameters determined graphically
using stereo plots. The GSMR equation is shown as Eq. 10:

SMR = RMR + ¥F, +F, (10)

The Q-slope system, or Q-slope (Barton & Bar, 2015),
uses the RQD parameter from RMR,,, as well as other
parameters related to the discontinuity condition: the number
of joint sets (J)), joint roughness number for critically
oriented joint sets (J ), joint alteration number for critically
oriented joint sets (J ), discontinuity orientation factor (O),
environmental and geological condition number (J ), and
stress reduction factor that considers in situ stresses and
observed slope conditions (SRF, ). The Q-slope equation
is shown as Eq. 11.

Q-slope = [RQD/J J[ I, O11),./SRE ] (11)

The original Geological Strength Index (GSI), or GSI
(Hoek et al., 1995), can be quantified from the RMR,, value
using the equation shown as Eq. 12.

GSI,,=RMR, -5 (12)

The 2002 quantification of GSI (GSI,) (Sonmez &
Ulusay, 2002) is derived from a graphical plotting of two
indices: the Surface Condition Rating (SCR), derived from
rating the roughness, weathering, and infilling of joints, or
R, R, R; and the Structure Rating (SR), derived from the
volumetric joint count, Jv. The equations for calculating
SCR and SR are shown as Eq. 13 and Eq. 14.

SCR=R +R_ +R, (13)

SR =-17.51n(J ) +79.8 (14)
The 2013 quantification of GSI (GSI,;) (Hoek et al.,

2013) is derived from the RQD and joint condition parameters

(R, of RMR,. The GSI13 equation is shown as Eq. 15.

CD)

GSI = 1.5R, + RQD/2 (15)

The Slope Stability Rating (SSR) (Taheri & Tani, 2010)
uses the value of GSI ,, as well as additional parameters
not found in most of the aforementioned classifications:
the UCS (P,), rock type (P,), slope excavation method (P,),
groundwater condition (P,), and earthquake force (P.). The
SSR equation is shown as Eq. 16.

SSR = GSI + P +P,+ P, +P,+ P, (16)

The Hazard Index (HI) (Pantelidis, 2010) is based on
two main parameters: the normal condition factor (f.),

which is based on the potential mode of failures of rocks
or, in the case of non-structurally controlled slopes, the
GSI classification; and the triggering mechanism for failure
(), which is based on the annual precipitation and the
drainage factor of the slope cutting. The HI equation is
shown as Eq. 17:
HI = (f f,)" a7
RESULTS AND DISCUSSION
Geological and physico-mechanical properties

The ranges of the physical properties of each site are
given in Table 2. The representative weathering grade of the
rock slope was used as input in the subsequent kinematic
analysis and rock mass classifications. A discussion of the
readings is given below.

For Site 1, the mapped granite is light grey in colour,
with a weathered portion showing brownish-red to yellowish-
brown colour. The granite of the site is rather fine-grained,
with the quartz being the most identifiable mineral in
hand specimens. Based on the Schmidt Rebound Hammer
mapping and field identification, most slopes were weathered
to Grade II.

For Site 2, the mapped granite is light grey in colour,
with the weathering forming reddish-brown to brownish-
orange material. The granite of the site is generally fine-
grained, with quartz being the most identifiable mineral in
hand specimens. Large traces of faults could be found cutting
across the eastern part of the slope. Dark fine-grained igneous
veins could be found cutting across the centre section of the
slope. Fine weathered soil could be found across several
toe sections of the slope, which appears to be debris from
previous slope failures. Based on the Schmidt Rebound
Hammer mapping and field identification, the majority of
the slopes were weathered to Grade III.

For Site 3, the mapped granite is light grey in colour,
with the weathered portion showing a brownish-orange
colour. The granites are fine-grained, with quartz grains
being the most identifiable mineral on hand specimens.
Several large traces of faults could be found cutting across
the granite body, especially on the centre of the exposed
slope. The top of the slopes is weathered to form a greyish-
brown soil layer. Based on the Schmidt Rebound Hammer
mapping and field identification, the majority of the slopes
were weathered to Grade II.

Discontinuity mapping

The mapped discontinuities set from Sites 1 to 3 is
summarised in Table 3, and the extracted discontinuity from
TLS and the stereoplot of discontinuity sets from Sites 1
to 3 are summarised in Figures 3 and 4, respectively. The
mapped discontinuity sets for each slope are discussed below.

For Site 1, six major sets of discontinuities (J1-J6) were
identified from scanline mapping, and seven major sets of
discontinuities (J1-J7) were identified from TLS mapping.
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Table 2: Summary of weathering and physico-mechanical properties of Site 1-Site 3.

Properties Slope Mean Min Max Stal.ldz.lrd
deviation
Site 1 50.6 412 64.6 7.60
Schmidt
Rebound Site 2 36.2 27.6 41 4.60
Hammer Site 3 553 458 64 512
Site 1 415 1.56 7.40 2.70
Point Load
Strength, PLS  Site 2 1.19 0.20 3.80 0.86
(MPa) Site 3 5.44 2.95 1136 1.75
Uniaxial Site 1 89.08 7127 100.06 13.31
Compressive Site 2 8731 85.77 88.84 2.17
Strength, UCS
(MPa) Site 3 81.69 6831 91.49 10.46
Site 1 99.13 98.74 99.44 0.26
Slake
durability Site 2 96.54 94.56 98.10 1.50
index, Id, (%) gje 3 99.05 97.62 99.61 0.54
Site 1 33 26 40
Tilt test Site 2 31 28 34
Site 3 33 30 40
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Figure 3: Extracted discontinuity sets from TLS mapping: (a) Site 1, (b) Site 2, (c) Site 3.
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Table 3: Value of discontinuities set for Site 1-Site 3.

Site 1 Scanline mapping Dip (°) Dip direction (°) %
1 31.43 050.51 22.08
12 77.82 063.6 13.75
13 78.00 091.63 11.25
J4 79.18 181.81 12.5
IS 81.27 221.66 13.33
J6 71.68 262.76 20
Site 1 TLS mapping Dip (°) Dip direction (°) %
bl 34.51 032.48 17.46
2 80.36 049.57 55.12
I3 86.19 172.68 5.60
J4 13.80 191.19 1.95
IS 64.59 199.77 5.08
Jo 85.72 271.48 4.49
J7 67.94 312.18 333
Site 2 Scanline mapping Dip (°) Dip direction (°) %
b 75.23 033.46 34.87
2 33.82 054.09 14.47
13 88.50 074.13 5.263
J4 77.71 178.28 4.61
J5 54.85 275.47 4.61
Site 2 TLS mapping Dip (°) Dip direction (°) %
b 32.10 155.56 28.42
12 90 188.47 9.61
13 90 278.47 9.85
J4 87.10 337.93 10.98
Site 3 Scanline mapping Dip (°) Dip direction (°) %
1 73.17 044.92 41.03
2 55.54 135.31 13.10
I3 71.19 252.88 23.10
Site 3 TLS mapping Dip (°) Dip direction (°) %
J1 70.77 050.44 4.40
12 90 079.16 6.41
13 40.02 191.32 35.36
J4 68.51 323.53 5.00
J5 88.64 358.60 20.63
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A stereographic projection of the mapped discontinuities
from both the scanline and TLS mapping shows that three
discontinuity sets are strongly correlated with the scanline
survey and four discontinuity sets are weakly correlated.

For Site 2, five major sets of discontinuities (J1-J5) were
identified from scanline mapping, and four major sets of
discontinuities (J1-J4) were identified from TLS mapping.
A stereographic projection of the mapped discontinuities
from both the scanline and TLS mapping shows that one
discontinuity set is strongly correlated with the scanline
survey. In contrast, three discontinuity sets are weakly
correlated.

For Site 3, three major sets of discontinuities (J1-J3)
were identified from scanline mapping, and five major sets
of discontinuities (J1-J5) were identified from TLS mapping.
A stereographic projection of the mapped discontinuities
from both the scanline and TLS mapping shows that one
discontinuity set is strongly correlated with the scanline
survey. In contrast, four discontinuity sets are weakly
correlated.

The results of the comparative correlation between
the scanline and TLS mapping indicate a varying degree
of correlation between the discontinuity sets mapped by
the two methods. This discrepancy has also been reported
by Hellmy et al. (2019), where the vegetation coverage
on the slope surface and the weathering of rock material
were cited as possible explanations for the differences
in the distribution of the plotted discontinuity sets for
TLS mapping in comparison to the field mapping of the
discontinuity sets. The vegetation obscured the discontinuity
from being picked up by TLS mapping. In the subsequent
analysis, only the discontinuity sets from TLS were used
in the kinematic analysis and SMR analysis of the slopes
because the discontinuity set mapping using TLS did not
yield the discontinuity set parameters necessary for the
analysis of rock mass classifications.

Kinematic analysis

The kinematic analysis results for each slope are
shown in Figure 5 and summarised in Table 4. For Site
1, the potential for planar, wedge, and toppling failure is
significant, according to scanline mapping; and the potential
for wedge and toppling failure is significant according to TLS
mapping. For Site 2, the potential for wedge and toppling
failure is significant according to scanline mapping; and the
potential for planar, wedge, and toppling failure is significant
according to TLS mapping. For Site 3, the potential for
wedge and toppling failure is significant according to
scanline mapping; and the potential for wedge failure is
significant according to TLS mapping.

From the tabulated results for the kinematic analysis
using both the conventional scanline method and TLS
mapping, the results indicate that where the rock slopes
are visible and there is little covering of other elements
such as vegetation or fill materials, the kinematic potential

mode of failure obtained by the two methods is comparable.
However, in the case of Site 2, where the slopes are heavily
weathered and the weathered material covers a large portion
of the slopes, the discontinuity sets extracted from TLS
produced an orientation of discontinuity sets that are steep
in their dip values, as observed in Figure 4(b), which is
not representative of the actual measured discontinuity sets
in the field. Thus, judgement must be applied when using
discontinuity sets extracted from TLS mapping, which must
be confirmed through observation from field mapping.
Following the kinematic analysis, the potentially
problematic planes/wedges for each slope were used as
input parameters in the SMR classification of the slopes.

Rock Mass Rating

The assigned parameters and ratings of the three
different RMR types — RMR,, M-RMR, and RMR , — for
each slope are given for all the discontinuities sets measured
in the field, as shown in Figure 6. For each discontinuity
set, the parameters for the RMR calculation are based on
field mapping of the discontinuity tests and the results of
the physico-mechanical properties from laboratory tests.

Based on the results, the majority of the RMR ratings
assigned the Site 1-Site 3 slopes as class Il slopes (RMR 61-
80), or ‘good’, with the exception of the M-RMR for Site 1,
which assigned the slope as class I (RMR 81-100), or “very
good’. By comparing the three RMRs, it was observed that
RMRS89 was consistently the most conservative, producing
the lowest reading for all the discontinuity sets. On the
other hand, the M-RMR calculation resulted in the highest
values of RMR for each discontinuity set. This could be
attributed to the M-RMR, which uses a continuous function
(Sen & Sadagah, 2003) as opposed to the discrete ranking
used in the other RMR, which aims to reduce subjectivity
when assigning value to the RMR parameters. By assigning
specific values to each parameter in the M-RMR, the
calculation would lean more towards the higher range of
each parameter’s ranking. A similar comparative analysis
of the RMR by Basahel & Mitri (2017) also noted that the
continuous function of the RMR produced a higher value
than other RMR ratings.

Slope Mass Rating

For the SMR calculation, the values from the RMR -
RMR,;, M-RMR, RMR ,— were all used as separate inputs
for the different versions of the SMR — the original SMR,
CSMR, and GSMR. In addition, the calculation of the SMR
reading for each potential planar and wedge failure is based
on the kinematic analysis for both the scanline mapping and
TLS mapping discontinuities sets. The F-F, parameters
were determined using the discrete rating for the original
SMR and the continuous rating for the CSMR. Meanwhile,
the ¥ and F, parameters were determined graphically
from the stereoplot created by Tomas et al. (2012). The
F, parameters for all the slopes were identified as smooth
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Figure 5: Kinematic analysis for: (i) Site 1, (ii) Site 2, and (iii) Site 3; (a) — (d) represent data from scanline mapping; (e) — (h) represent

data from TLS mapping.
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Figure 5: Continued.

Table 4: Potential mode of failure for Site 1-Site 3.

Toppling failure (%)

Slope Planar failure (%)  Wedge failure (%)
Flexural Direct
Site 1: Scanline mapping 0.42 13.16 1.67 15.64
Site 1: TLS mapping 0.00 10.87 3.26 15.22
Site 2: Scanline mapping 0.00 1151 329 2402
Site 2: TLS mapping 47.46 47.14 18.64 0.00
*Site 3: Scanline mapping 0.00 1837 690 1416
Site 3: TLS mapping 0.00 1.46 0.00 12.73

blasting (+8). A summary of all the measured SMR values
is shown in Figure 7.

For Site 1, the lowest SMR value was found in the wedge
set (45°/140°) for scanline mapping and the wedge set (38°/131°)
for TLS mapping. This would put the rock mass classification
for those sets as Class IV and Class III, respectively, whereby
they were classified as ‘bad’: unstable, with the potential for
some planar or big wedge failures (60% probability), and
‘normal’: partially stable with the potential for some joint or
many wedge failures (40% probability), respectively.

For Site 2, the lowest SMR value was found in the
wedge set (50°/103°) for scanline mapping and the plane
set (32°/156°) for TLS mapping. This would put the rock
mass classification for those sets as Class II and Class 1V,
respectively, where they are classified as ‘good’, stable
with potential for some blocks failure (20% probability),
and ‘bad’, unstable with potential for some planar or big
wedges failure (60% probability) respectively.

For Site 3, the lowest SMR value was found in the
wedge set (36°/328°) for scanline mapping and the wedge
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set (54°/349°) for TLS mapping. This would put the rock
mass classification for those sets as Class IV and Class
IIT respectively, whereby they were classified as ‘bad’:
unstable with the potential for some planar or big wedge
failures (60% probability), and ‘normal’: partially stable
with the potential for some joint or many wedge failures
(40% probability), respectively.

As discussed in the previous section on kinematic
analysis, judgement is required when analysing discontinuity
sets using TLS mapping. Therefore, only the SMR values
using discontinuity sets from scanline mapping were used
in the subsequent analysis of rock mass classifications. The
Q-slope value is calculated by identifying a potentially
unstable plane/wedge for each slope.

Q-slope method

For the calculation of the Q-slope, the most unfavourable
discontinuity sets are used (i.e., the one with the lowest value
from the SMR). As all the slopes indicated wedge failure
as the most unfavourable discontinuity set, the two plane
sets that formed the problematic wedge sets were used for
the readings in Set A and Set B. For the J . and SRF

slope

parameters, the slope is described as stable and competent
under a wet environment (J .= 0.7), and the overall slope
condition is slightly loosening due to surface location,
disturbance from blasting, or excavation (SRFSlope = 2.5).
The value of the calculated Q-slope was plotted against the
Q-slope stability chart developed by Bar & Barton (2017)
(Figure 8), whereby it was found that Site 3 slope was stable,
Site 1 slope was quasi-stable, and Site 2 slope was unstable.

Geological Strength Index

The GSI ratings in this study were evaluated using
the various GSI quantifications, the purpose being to
assign a single discrete reading for each studied slope.
The evaluation of GSI,, and GSI, was measured using
parameters from RMR,,, and GSI, was plotted graphically
on the chart devised by Sonmez & Ulusay (2002) using the
Surface Condition Rating (SCR) and Structure Rating (SR)
parameters (Figure 9). Comparative analysis of the GSI
values determined that GSI, provided the lowest range
of readings, whereas GSI ; provided the highest range of
readings for each slope. With the value of GSI , determined,
the rating for the SSR was calculated.
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Slope Stability Rating

The SSR was developed to consider the effect of
additional parameters relating to the stability of slopes
that were unavailable in the original GSI parameters. The
system also provides a design chart entailing the stable
angle of any slope height and the calculated SSR value.
For this study, the proposed stable slope angle was used
to validate the stability of the existing slopes. For all the
slopes, the overall value of P, (the earthquake force rating)
was assigned a value of 0, based on the seismic hazard map
of the region (Jabatan Mineral dan Geosains, 2008) having
a value of 2-3% g (0.02-0.03 g).

From the calculated SSR value, the readings were plotted
on a set of design charts, representing the relationship between
the slope height and SSR value against the safe slope angle
— between 30° to 70° — and for a Factor of Safety (FoS) of
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Figure 10: Plot of SSR rating of slopes overlaid on SSR design
charts for different Factor of Safety (FoS). (a) - (d): FoS of 1.0,
1.2, 1.3, 1.5.

1.0, 1.2, 1.3, and 1.5 (Figure 10). By comparing this with
the angle of the excavated slopes, all slopes were considered
stable from the SSR design chart as the excavated slope angle
meets the safe slope angle criterion for all the FoS (>70°).

Hazard Index

The HI was developed to represent the hazard level of a
rock slope failure. The first set of parameters for each slope —
normal condition, f . — was calculated based on the identified
potential failure modes. For the second set of parameters —
triggering mechanism, f, — the value of 1 was based on
the latest environmental statistics report on the area by the
Department of Statistics Malaysia (2022), while the value of
I, was 700 mm, based on the suggestion of Pantelidis (2010).
Using the input parameters based on the most unstable joint
sets determined from the kinematic analysis, the calculated
HI values for all the slopes were 3.05, so they were assigned

under the HI as ‘good’ quality (HI = 1-4).

DISCUSSION

The primary objective of the study was to characterise
rock mass through conventional mapping and by applying
TLS mapping of the rock slopes. For the latter, a 3D point
model of the slopes and the extraction of the discontinuity sets
orientation could be carried out through a semi-automated
process. It was found that TLS mapping resulted in larger sets
of datapoints compared to conventional scanline mapping,
which was attributed to the method covering a larger surface
area. In contrast, scanline mapping was limited to the lower
sections of the accessible parts of the slopes. A comparison
of the survey data related to the plotting of the discontinuity
sets from the scanline and TLS mapping showed various
degrees of correlation between the two datasets, ranging from
strong and fair to weak correlations. The weak correlation
of the discontinuity could be attributed to the persistence
and continuity of the measured discontinuities, whereby
the measured discontinuity at the lower section of a slope
may not extend to the upper part, as well as being obscured
by the weathering of rock mass (Hellmy et al., 2019).
However, from this study, the method provided many more
discontinuity datasets for stability analysis compared to
conventional mapping. Various potential failure trends from
the kinematic analysis were identified for all the mapped
slopes. Thus, the potential for conducting kinematic analysis
from TLS mapping was validated.

From the field mapping and laboratory tests, the
majority of the rock surfaces of the slopes would fall into
the categories of Grade II to Grade 11, or slightly weathered
rock to moderately weathered rock, respectively. Kinematic
analysis using the mapped discontinuity sets indicated
that the failure potential of the rock slopes was generally
comparable, with the notable exception being the rock slope
for Site 2, where the potential mode of failure obtained by
scanline mapping and TLS mapping differed significantly.
Considering the slope surface at Site 2 is covered by a
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significant amount of weathered material, one explanation is
that a significant weathering on the surface of a rock slope
may have affected the extraction of discontinuity through
TLS mapping, leading to the notably large discrepancy with
kinematic analysis with regard to the data obtained through
scanline mapping. Although TLS mapping can extract the
parameters of discontinuity orientation — the dip and dip
direction — other discontinuity parameters related to rock
mass classification are still dependent on collection through
field mapping. Any methodology available for extracting
discontinuity parameters should be compared with field
data for validation, and it should not be seen as a complete
replacement for field measurement. For that reason, the
application of TLS in slope stability analysis in this study
was limited to kinematic analysis and the SMR for rock
mass classification.

Following kinematic analysis, the rock mass classification
of the slopes was determined. A summary of all the rock
mass classifications for Site 1 to Site 3 is provided in Table 5.
Under each of the different SMR, the three values represent
the calculated SMR using the input of RMR,,, M-RMR,
and RMR , respectively. For the classification of the rock
slopes, the discrete function of RMR, provided the lowest
range of values, compared to RMR,, and the continuous
function of M-RMR. This indicates that RMR, is the most
conservative of the RMR ratings tested. This is reflected in
the SMR classification, where SMR analysis using RMR,,
exhibited the lowest range of values, and SMR analysis
using M-RMR produced the highest range of values. Of
the different SMR classifications, the plotting of the SMR
and CSMR generally follows a similar trend across the
different discontinuity sets. In contrast, the plotting of
GSMR exhibited some deviations for certain discontinuity
sets, which typically produced higher SMR values. This
indicates how the adjustment factors of y and F,, which are
calculated graphically, are subjected to greater subjectivity
than the discrete rating of the correction factors for the
original SMR or the continuous rating of the correction
factors for the CSMR.

In addition to the SMR, slope classification using the
Q-slope and HI is also based on the identification of potential
modes of failure. The HI and GSI apply to non-structurally
controlled slopes, i.e., heavily weathered slopes, or closely
joined rock slopes. The Q-slope, SSR, and HI ratings
indicate that most of the slopes were in stable condition,
with Site 2 being potentially problematic (unstable from the
Q-slope analysis, and blocky/disturbed/seamy rock mass
from the GSI classification). It should also be noted how
the HI rating indicates a similar rating for all the slopes,
despite the differences in the potential failure modes for
all the slopes. This would indicate how the relationship
between discontinuity orientation and slope orientation,
as well as triggering factors, are constant throughout the
slopes in the area. Overall, kinematic analysis and rock
mass classifications can validate the stability of existing

slopes, whereby slopes with low kinematic potential for
failure are observed to correspond with higher values or
classes of rock mass classifications. In contrast, slopes with
significant kinematic potential for failure could be correlated
with lower values or classes of rock mass classifications. It
should be noted that this study only covers a small selection
of slopes as a case study. It is recommended that a more
extensive study of slopes should be carried out alongside a
comparative analysis of rock mass classification to test the
validity of and statistical relationships between the different
rock mass classifications developed.

Finally, returning to the method of how the data were
collected, it should be noted that field mapping and TLS
mapping only cover the surficial aspect of rock mass. For
rock mass in tropical conditions such as those in Malaysia,
the weathering process and the presence of groundwater
movement may internally alter the rock mass properties and
act as triggers for slope failure, in addition to failure through
discontinuity sets. Therefore, any comprehensive assessment
of rock slopes should integrate geophysical surveys, such
as electric resistivity, seismic, or ground penetrating radar
surveys, to better identify a slope rock mass.

CONCLUSIONS

This study achieved the objective of utilising TLS to
map discontinuity data for a rock slope stability analysis.
A comparison of the survey data obtained using scanline
mapping and TLS mapping of discontinuity revealed varying
levels of correlation between the discontinuity datasets.
Compared to the limited data acquisition from field mapping,
TLS was able to map larger datasets of discontinuities,
especially from the inaccessible upper zones of slopes.
The discontinuity measurements were used for kinematic
analysis and rock mass classifications. From the kinematic
analysis, several potential modes of failure were identified.
Comparative analysis was carried out between the use of
discontinuities mapped using conventional scanline mapping
and TLS mapping, which revealed the limitation of using
TLS mapping on heavily weathered rock slopes. The use
of discontinuity sets mapped from TLS for the SMR was
also carried out, although the results were not as conclusive
as those obtained from field mapping.

An assessment of the slopes was then carried out using
several rock mass classification systems: the original RMR
(RMR,,); the continuous function RMR, or the Modified-
RMR (M-RMR); the 2014 RMR update (RMR,), the
original SMR; the continuous function SMR (CSMR); the
graphical SMR (GSMR); the Q-slope system; the original
GSI (GSI,,); the 2002 quantification of GSI (GSI,); the
2013 quantification of GSI (GSI ,); the SSR; and the HI. By
carrying out this comparative analysis, RMR, was found to
produce the lowest rating of the RMR ratings; the original
SMR and CSMR produced similar trends of readings, while
the GSMR showed deviations for certain discontinuity sets;
GSI, produced the lowest rating of the GSI ratings. Both
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the Q-slope and SSR assessed the stability of the current
slope design, with the former identifying an unstable slope
for Site 2, a quasi-stable slope for Site 1, and a stable slope
for Site 3. In contrast, the latter shows all the slopes falling
within the range of stable slope angles. HI analysis found
the slopes to share similar values of ratings, indicating that
the relationship between discontinuity orientation and slope
orientation for the slopes in the system is similar across the
different slopes. Hence, the study achieved the objective of
testing and validating the different rock mass classifications.

In conclusion, the study tested and confirmed the results
of various rock mass classifications with the observed
conditions of the rock slopes. Comparative analysis of the
selected rock mass classifications results found them to
be reliable for assessing the slope conditions. The overall
assessment of the slopes found them to be mainly of good
quality, with no immediate danger of failure. The stability of
the slopes was validated by comparing the slope condition
with the slope design for a stable slope angle.
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APPENDIX
Table A: Evaluation of RMR for Site 1-Site 3.
Discontinuity R, Rion R, R, R, R,.. R RMR,, M-RMR RMR,,
Site 1
J1 7 15 15 20 17 10 15 72 80.68 79
J2 7 15 15 20 17 10 15 72 82.27 79
J3 7 15 15 20 17 10 15 72 80.19 79
J4 7 15 15 20 17 10 15 72 80.87 79
J5 7 15 15 20 17 10 15 72 80.49 79
J6 7 15 15 20 17 10 15 72 80.87 79
Average 72 80.90 79
Site 2
J1 7 12 10 21 15 10 15 65 71.81 69
J2 7 12 10 21 15 10 15 65 70.05 69
J3 7 12 15 21 15 10 15 70 72.59 74
J4 7 12 8 21 15 10 15 63 58.38 67
J5 7 12 15 21 15 10 15 70 73.65 74
Average 66.67 69.29 70.6
Site 3
J1 7 20 10 20 15 10 15 72 77.83 77
J2 7 20 10 20 15 10 15 72 77.83 77
J3 7 20 10 20 15 10 15 72 77.03 77
Average 72 77.56 71
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Table B: Classification of SMR for Site 1-Site 3.

Stope  SMRBY MSMR SMRI4 CSMR$) M-CSMR CSMRI4 GSMR$) M-GSMR GSMRI (0 (oo P;;Zi?l
range  range  range range range range range range range planes
Site 1: scanline mapping
Planar  73.7-80 82.6- 80.7-87 74.29- 83.19- 81.29- 73.45- 82.35- 80.45- I Stable 31°/51°
88.9 79.74 88.64 86.74 79.74 88.64 86.74
Toppling 7625 8515 8325 7541 8431 8241 7618 8508 8318 Il Stable  72°263°
Wedge  29-79.1 37.9-88 36-86.1 2550-  3440-  3250-  20.00-  2890-  27.00- IV Unstable 45°/140°
79.60 88.50 86.60 80.00 88.90 87.00
Site 1: TLS mapping
Planar 80 88.90 87 80 88.90 87 80 88.90 87 I Complete- No
ly stable  failures
Toppling 5875-  67.65- 6575 7616~ 8506~  83.16-  7625- 8515 8325 I Partially  68°/312°
80 88.9 87 79.90 88.80 86.90 80.00 88.90 87.00 stable
Wedge  36.65- 4555-  43.65- 3607  4497-  4307-  3680-  4570-  4380- IV Unstable 38%/131°
80 88.9 87 79.77 88.67 86.77 80.00 88.90 87.00
Site 2: scanline mapping
Planar  74.6 77.29 78.6 74.6 77.29 78.6 74.6 77.29 78.6 II Stable No
failures
Toppling 70.85- 73.54- 7485  7000-  72.69-  7400-  70.85-  73.54- 7485 1l Stable  75°33
74.6 77.29 78.6 74.50 77.19 78.50 74.60 77.29 78.60
Wedge  65.6-  6829- 696~  6350-  6619-  67.50-  6540-  68.09-  69.40- Il Stable  50°/103°
73.25 75.94 77.25 71.92 74.61 75.92 74.60 77.29 78.60
Site 2: TLS mapping
Planar  32.6- 35.29-  36.6- 34.54- 37.23- 38.54- 32.60- 35.29- 36.60- v Unstable ~ 32°/156°
74.6 77.29 78.6 74.32 77.01 78.32 74.60 77.29 78.60
Toppling 49.6-  5229-  53.6-  4973-  5242- 5373 49.60-  5229-  5360- I Partially 87°/338°
70.85 73.54 74.85 69.98 72.67 73.98 70.85 73.54 74.85 stable
Wedge 71746 73.69- 75786 6683~  69.52- 7083  71.00-  73.69-  75.00- 1l Stable  27°/188°
77.29 74.43 77.12 78.43 74.60 77.29 78.60
Site 3: scanline mapping
Planar 80 85.56 85 80 85.56 85 80.00 85.56 85.00 I Complete- No
ly stable failures
Topphng6256g()6 ........ 675 ......... 6434 ......... 6990 .......... 6934800085568500HStable ......... 560/1350
wedge ....... 293456 ........ 34 ........... 3283 ......... 3844 .......... 3783 ......... 29()()345634()()1\/Unstable ...... 360/3230
Site 3: TLS mapping
Planar 80 85.56 85 80 85.56 85 80 85.56 85 I Complete- No
ly stable  failures
Topplmgg()8556858()8556858()8556851 ........... complete_No ............
ly stable  failures
wedge38_8o ....... 4356_ ....... 43_85 ....... 4804_ ........ 5360_ ......... 5304_ ........ 4500_5056_ 5000.1V ........ Unstable ...... 540/3490
85.56 79.72 85.28 84.72 80.00 85.56 85.00
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Table C: Evaluation of Q-slope for Site 1-Site 3.

. Unstable plane/
Site 1 RQD wedge: 45°/140° J, J, J, O-factor J e SRF . Q-slope

Set A 87.10 78°/64° 12 1 1 0.75 0.7 2.5 1.52
Set B 87.10 81°/222° 12 1 1 0.9 0.7 2.5 1.83

Average 1.68
. Unstable plane/
Site 2 RQD wedge: 50°/103° J, J, J, O-factor I e SRF . Qqope

Set A 44.20 75°/33° 15 1 1 0.5 0.7 2.5 0.41
Set B 44.20 78°/178° 15 1 1 0.8 0.7 2.5 0.66

Average 0.54
. Unstable plane/
Site 3 RQD wedge: 36°/328° J J. J, O-factor I e SRFslope Qsmpe

Set A 91.01 73°/45° 12 1 1 0.5 0.7 2.5 1.06
Set B 91.01 71°/253° 12 1 1 0.8 0.7 2.5 1.70

Average 1.38
Table D: Evaluation of GSI for Site 1-Site 3.

Site RMR,, R, R R, J, SCR SR R, RQD GSI, GSI, GSI,
Site 1 72 1 5 6 8.45 12 42.44 20 87.1 67 49 73.55
Site 2 66.6 1 5 6 21.45 12 26.15 21 442 61.6 42.5 53.6
Site 3 72 1 5 6 7.27 12 45.09 20 91.01 67 50.5 75.51

Table E: Evaluation of SSR for Site 1.

Site GSI,, P, P, P, P, P, SSR
Site 1 49 28 25 6 0 0 108
Site 2 425 28 25 6 0 0 101.5
Site 3 50.5 28 25 6 0 0 109.5
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Table F: Stability condition of slopes estimated from SSR design charts.

Slope height

Slope angle

Calculated safe slope angle from design charts

Site SSRrating (m) ©) FoS=10 FoS=12 FoS=13 Fos=15 ¢
Site 1 108 21 70 >70° >70° >70° >70° Stable
Site 2 101.5 28 70 >70° >70° >70° >70° Stable
Site 3 109.5 18 66 >70° >70° >70° >70° Stable

Table G: Evaluation of HI for Site 1-Site 3.

Site afl:l(il] :;:de of £ £, I I £, r HI
Site 1
Planar: 31°/51° 10 1 2167.9 700 3 9.291 3.05
Toppling: 72°/263° 10 1 2167.9 700 3 9.291 3.05
Wedge: 45°/140° 10 1 2167.9 700 3 9.291 3.05
Site 2
Toppling: 75°/33° 10 1 2167.9 700 3 9.291 3.05
Wedge: 50°/103 10 1 2167.9 700 3 9.291 3.05
Site 3

Toppling: 56°/135° 10 1 2167.9 700 3 9.29 3.05
Wedge: 36°/328° 10 1 2167.9 700 3 9.29 3.05
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