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Keywords Abstract

The stability analysis of rock slopes is a complex task for the geotechnical engineers due

Slope stability

to the complex nature of the rock mass in a tropical climate that often has discontinuities

in several forms, and consequently, in several types of slope failutbss Wwork, a rock

Rock mass rating

mass classification scheme is followed in a tropical environment using the Rock Mass

Rating (RMR) and Geological Strength Index (GSI) combined with the kinematic
Rock mass classification investigation using the Rocscience Software Dips 6.0. The Lafarge gudivdied into
ten windows. In the RMR system, the five parameters uniaxial compressive strength

Geological strength
index

(UCS), rock quality designation (RQD), discontinuity spacing, discontinuity condition,
and groundwater conditions are investigated. The RMR values range Xrtori/8 (fair

to good rock mass), and the GSI values range from 62 to 65 (good to fair rock mass).

Kinematic analysis.

There is a good and positive correlation between RMR and GSI. The kinematic analysis

reveals that window A is prone to critical toppling, window H to critiwadgeplanar
failure, and window G to critical wedge failure. From the results obtained, it can be
concluded that the kinematic analysis combined with the rock mass classification system
provides a better understanding to analyze the rock slope gtafbilittropical climate
compared with considering the rock masssilcation system individually

1- Introduction

A preliminary assessmentof the rock slope
stability is a crucial part of determining the design
for a variety of engineering project$l].
Considering rock slope in mostuaries is
susceptiblgo instability due to thevariability in
the rock mass corilon at the si¢, intensive
weathering in tropigsand seismic activitieq2].
The subsurface geological features such as the
existenceof joints, folds and properties of rock
play an essential role in the instability of rock
slopeg[3]. Moreover,therock slope stabilit may

also be influenced by height, material
characteristics, face angleand rock joint
orientation.

The slope stability problems have attraced
paramount concesnfrom the researchersand
consequently, various frameworks, methoaisd
criteria have beeproposedn orderto evaluatehe
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slope stability. These techniques can be
categorized, i.e. limit equilibrium method,
numerical modding, empirical methods and
kinematicanalysis. The limit equilibrium method
identifies the potential failure mechanisiny
assessing the driving and resisting fortetdrive

a factor of safety for a geotechnical structj4le
Numerical modiing is used in more complex
slope geometries, where other methods fail to
represent the behavior of the slofj&is method
yields a factor of safety for a slope basedtbhe
stress distribution behavior and displacemgnt
and 6] The knematic analysis isemployed to
predict thepossibleslope failure that depends on
the discontinuily orientation (wedge, planaand
toppling) using the stereographic projection
techniqug?7 and 8] Discontinuities are mechanical
planes of weakness in rock mass such as bedding
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planes, fractures, shear zones, jgiated foliation
that can potentially assist failui@. The enpirical
methods are auspauis tools for the systematic
assessment of the rock slope stahibtyd they are
created on the basis d¢he empirical relations
between the rock mass properties andhe
geotechnical engineering applicatidhs.

The mck mass classification systems are the
backbone of the empirical design anare
extensivelyemployed in the geotechnical field due
to their simplicity andthe limited data required
[10]. However, theg classification systems are
primariy introduced in order to evaluate the
stability of undergroundpeningsand tunnel$l11].
These systems are introduced using the
significance of parameters; eaphrameteihas a
weighting factor usingnumerical valug The
weighting factors are substitute into an empirical
formula to getthe absoluterating values ofrock
mass[12]. Theserating values help in a decision
related to the design of underground structures
[13]. Althoughtheempirical classification systems
arestandardizedor assessment ahegeotechnical
structure stabilityfew classificationsystens have
been implementedin the rock slope stability
assessment [14]. Disconinuities and
characterization parameteirs rock massare the
backbones afherock mass classification systems
i.e. discontinuity condition, spacing and
persistence, groundwater condition, unconfined
compressive strength (UCS) and rock quality
designation (RQD), infilling material,
discontinuity roughness, discontinuity aperture
size and weatherinfl5].

The researchefisave beemworking over the years
to introduce new methadto estimatethe rock
slope stability. Basahel and Mitri [1] have
developeda number of classification systems to
evaluate the rock slope stability againsthe
explored rock mass conditions ingged terrain
He hasrevealed that slope mass rating (SMRBin
be an appropriate technique tbe slope stability
assessmentub canbe further enhanced by adding
theslope height parametédvilohamed and Bayram
[16] haveenployed SMR to performapreliminary
rock slope assessment in Turkey ahdve
concluded thathe SMR classification schenmzan
be effectively used fothe failure classification.
Ansari, Sharma [17haveassessetherock slope

in Himalayan fora possible failure usinghe
kinematic investigation antthe empirical analysis.
Accordingto RMR, GSI, SMRand Qjopeprovide

a better perception to investigatde slope
instability witha simple and prompt approachan
hilly region. Sujatha and Thirukumaran [1Bhve
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investigateda road cut slope in India using RMR,
SMR, and continuous slope mass rating (CSMR)
and the resultebtained havehown thatthe SMR
results are conservativevhile CMSR providesa
better perception for creatinige spatial database.

In this work, the two rock mass chksification
systemRMR and GSlverechosen to evaluate the
rock slopestability. The stability assessments for
rock slopewere conductedin a tropical climate
and the results obtained were compared.
Furthermorethekinematic analysisvasemployed

to evaluate the potential mode failuire Malaysia
most of thequaries deal with a slope that has
varied dip angle relying on the joint and fault
orientation. The higher the slope angle, the more
deposit can be extractetHowever, the safety
working area must not be neglected by the
management. Thereforhe slope stabilitystudies
are crucial to maximize the slope anglehile
producinga safe working area.

2. Studied area

The preliminary study was carried out at the
Lafarge quarry Associated Pan Malaysia Cement
Sdn Bhd. (Lafarge ®oup) operates the quarry,
located at Batd3 1/2, Jalan Kuala Kangsar, 31200
Chemor, Perak Darul Ridzuan, Malaysiaed
Figure 3. Geologically in the vicinity of the
Lafargequarry almost the whole sequencethg
Kanthan limestone formations exposed. The
discovery of the Kanthan limestone Silurian
Devoniansuggests that the Kanthan limestone is
the unit of Kinta valley limestone bedrockhe
Kanthanlimestone is partly interfingering with the
slate phyllite, sandstone and shale deposited
locally prominent In addition some of thesparse
volcanic, chertandinterbeds conglomeragaein
places.

The quarry slope (outcrops)s comprisel of
relatively massive and thinedded black and
greyishrwhite carbonaceous spots/patches and
fine-grained limestoneSimilarly, about 4m thick,
cream to pinkish whiteolored, finegrained
dolomiteis deposited inthe N-S direction in the
quarry center associated with carbonaceous
schist/phyllite.

Structurally, karstified, massiveand interbedded
limestoneis underlain inthe quarry faces. The
karstified limestone range varies from few
centimetergo huge massive rock bodigster the
limestone deposition, a tectonic event led to
folding, and a wavy line of limestone also inter
bedded withthe fine-grained carbonaceowhale.
This karstified limestone interbeds generally
striking in the NS trending, coinciding witlthe
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local complex geological structure of Peninsular
Malaysia. However,the experienced local and
moderate scale deformation resulted in folding and
faulting in place.

3. Rock masglassification systems for slope

As statedearlier, two rock classification systems
along withthe kinematic analysisvereused in this
work. Rock mass rating (RMR) is based on the
weighting scores of the basic parameters; hence
this case studyasevaluated witlthefundamental
RMR values.

3.1. Rock mass rating (RMR)
RMR was developed by Bieniawski (197389)
to appraise the stability of the underground

geotechnical structures. Correspondingly, RMR is
one of the most popular classification systems
employed to assedbe rock slope stability. The
parameters on which RMR is based are the
followings: (1) uniaxial compression strength
(UCS) of intact rock(2) rock quality designation
(RQD), (3) discontinuiy spacing (4) discontinuity
condition (5) andgroundwater condition. This is
termed as the basic RMR system; it provities
weighting values irthe range of 8100 [19]. The
RMR system is modifieor several times; fothe
rock slope stability evaluation, mew parameter
known asthe discontinuity orientationhas also
beenintroduced[13]. In this work, the modified
RMR system was used to evaluatee slope
stability.

Figure 1. Location of the Kanthan rock formation, where the limestone quarry|s Ioc'ated near Chemor, Perak
(light yellow) (after technical report Kanthan, 2012.

3.2. Geological strength index (GSI)

Hoek and Brownhave proposed a method by
estimatinghestrength values of jointed rock mass
based on interlocking and surface conditions of
blocks[20]. This method was further modified to
appraisehe poor quality rock masses and a mdtho
known as GSwasestablished21]. This method is
based orthe actual data collected frore site
investigation such as lithology (physical
characteristics) structurg and discontinuity
condition[21]. As discussecbarlierin this paper
two rock mass classification systemwere
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employed in combination with the kinematic
analysisin orderto assesshe rock slope stability.

4. Results and Discussion

In this work, a cement quarryvas selected to
investigate the slope stability using two
classification systemn Window mapping is a
technique used by various researsho recordthe
geological information andthe discontinuiy
characteristics @herock slope facerhequarry is
divided intotenwindows ataninterval of 30m for
each sectio seeFigure 2.
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Figure 2. The map showing Lafarge quarry with all windows.

The processisedin this work can be categorized
into two phasesin the first phase, a detad
geological mapping and laboratory testing was
conducted. Fothe laboratory testingthe samples
were obtained from each windpwnd the point
load test (PLT) was used to analyze UCS and RQD
of the rock mass. The information was measured,
observedand reorded. In the second phaske
data through geological mapping and laboratory
testingwasanalyzel and interpreted to obtain the
RMR and GSlvalues The ditafrom geological
mapping was also analyzed usithg Rocscience
Software Dips 6.0 to evaluate the potential mode of
failure.

4.1.Rock mass rating (RMR)

The resultsobtained fromthe RMR system(see
Table J) revealthat the windows A, B, C, E, F, G,
H, I, and J) havéhe RMR valuesin the rangeof
62-70, and are classified dgood rock' Window
D hasanRMR value of 51and is classified d$air
rock"

4.2. Geological strength index (GSI)

GSI was calculated for all windows based on
Marinos and Hoek (2000), and the results obtained
were tabulated inTable 1 The two essential
parameters rock or block structure and surface
condition were observed at the slope wall in order
to determine GSI for the rock slope. Both
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parameters required a carefully and thoroughly
observation to estimate the GSI values.

Table 1. Total RMR for each window.
Total RMR (%)

Window - Rock mass classes
ratlng
A 65 Good rock
B 62 Good rock
C 70 Good rock
D 51 Fair rock
E 65 Good rock
F 65 Good rock
G 62 Good rock
H 65 Good rock
I 70 Good rock
J 65 Good rock

4.2.1. Rock structure or block size

Generally, all windows were carefully observed to
ascertain the structure of the rock mass
Discontinuity orientation, discontinuities spacing,
number of discontinuities and discontinuities
persistence were taken into consideration in
determimng the rock structure All of these
properies are a volumetric expression othe
discontinuiy density and important aindicator

of the rock mass quality. Throughout the
obsenation of the rock wall, the rock structure can
be classified ablocky, which can be descrideas
well-interlocked undisturbed rock mass
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comprisng the cubical blocksproducedby three
intersecting discontinuity sets.

4.2.2. Surface condition

The surfaceconditiors of the quarry could be
classifiedas very good, good, fair, pqand very
poor, and were observed during the geological

mapping. From the observation of the surface
conditions, some of itouldbe classifiecasgood,
while theothes wereclasséfied asgoodto fair (see
Table 3. On average, the surface conditioould

be described as rough to smooth. Some of the
surface were also iron-stained and slightly
weathered.

Table 2. GSI results according to the window.

Window  Structure Surface condition GSI value
A Blocky Good,slightly weathered, iron stagal 65
B Blocky Good,slightly weathered, iron stsed 65
C Blocky Good,slightly weathered, iron stsed 65
D Blocky Good to fairsmoothslightly weathere 62
E Blocky Good,slightly weathered, iron stagal 65
F Blocky Good to fair smoothslightly weathered 62
G Blocky Good to fair smoothslightly weathered 62
H Blocky Good to fairsmoothslightly weathere 62
I Blocky Good,slightly weathered, iron stsed 65
J Blocky Good,slightly weathered, iron stagal 65

4.3. Kinematic analysis

The knematic analysis wasonductedn orderto
evaluate the rock slope stabilipn the exposed
rock slope in a quarry of Lafarge cement (APMI),
Chemor, Perak.The geometric data from the
geological mapping was analyzel using
Rocscience 6.0. The kinemaénalyss of the data
wassimultaneously carried out within the window
by window ®gments gee Table 3. The mode

applied while entering the data was the dip/dip
direction. A total of 423 discontinuity site datas
measured and analyzeékthis datawascompiledas

a key to generag¢ the contour of the stereonet
diagram. The data also gwéhe discontinuiy
direction pattern The knematic analyis was
carriedout for all windowsin orderto predict the
sliding potential and athefailure mods.

Table 3. Critical failure analysis of rock slopes

Plane failure Wedge failure Flexural toppling

Window (%) (%) (%) Risk tendency
A 3.70 0.00 40.74 Toppling-critical
B 0.0cC 9.9¢ 1.8¢ Low
C 0.00 13.36 18.37 Low
D 2.4¢ 13.7¢ 12.2( Low
E 2.2t 28.0¢ 0.0C Wedgeles critical
F 0.00 19.40 0.00 Low
G 4.7¢ 34.0: 0.0C Wedgdesscritical
H 42.55 52.64 0.00 Wedgeplanar critical
I 2.3¢ 19.9¢ 0.0cC Low
J 12.12 30.17 3.03 Wedgeless critical

4.3.1.Failure Modes

The planar and plane slidingfailure modes for
many rock slopes are generally in the order of
2.23-52.6%%6. The critical limit was recorded at
40.7%% at windowA (seeFigure 3. The results
obtainedshow thawindow A hasa high tendency
for toppling failureto occur.The tendency for the
wedge sliding failure waalso critical at window

H. The critical limit forthe wedgesliding mode
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recorded by window Hvas52.64%(seeFigure

and the planesliding recorded for window H is
42.55% (sed-igure 4. Otherwindows could be
considered as less critical (less than 30%) except
for window G which was located at the side of
window H with a tendencyof 34.03% for the
wedge sliding mode to occur.

For the flexural toppling sliding mode, the range
was around 3.74-40.74% with onlya particular
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window shoving the value inside that range.
Window A had a high tendency fothe flexural
toppling sliding mode to happen withvalue of
40.74%. Window H and window Arediscussed
due to the critical condition and tendency for
failure to happen.

For window A, the density of high concentration
was located at 160near thesouthregion. There
werealso present other concentragon the same
direction butwith adifferentangle. The maximum

density in the contouwvas 28.85%. As discussed
earlier window A hasa high tendency forthe
flexural toppling failure to happen. From the
kinematic analysisf theflexural toppling failures
11 sets of discontinuities from #&d in the critical
zone forthe flexural toppling failure to happen.
That maks 40.74% of discontinuitiel/ing in the
critical zone and can be considered as critivalre
than 30).

Figure 3. Flexural toppling failure for window A.

From the wedge failure contogeneratiorby the
kinematic analysisit was found that68 of the
total intersectionlying in the critical zonewas
susceptible tavedge failue. As we know, wedge
failure tends to happen when two discontinuities
intersect with each other From the contour
generation we knowthat there are 1079 othe
intersection of discontinuities presemtowever,
only 52.64% of thentied in the critical zoneavith

666

tendencyfor the wedge failure to happefsee
Figure 5. From the contour, 52.64%n6re than
30%)couldbe considered gkecritical condition.
Window H is requiredto be inspected regularly
because the tendency ftire failure to happen is
high. The presence othe wet surface conditian
(reducel rock mass shear strengthvhich is
susceptible todeterioratedue to the moisture
content) may increase the critical level of failure.
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Figure 4. Stereographic projection showingthe potential for plane failure for window H.

Figure 5. Stereographic projection showingthe potential for wedge failure for window H.

The owerall window is the overall data that
represergthe whole slope being studieahdthis
mears that all the data from all windowis being

entered to create the contour of stereonet and rose

diagram. From the rose diagram fitre overall
window (see Figure 6, we could see that the

direction of the discontinuities for the overall slope

dominantly was at 150160 in direction. This
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could happen due thepreseweor appearance of
joint ses in the same direction.The highest
concentration of the discontinuitiegslocated at
230-250 nearthesouthwest region.Wo contours
couldbe seenn the west region. It can be cauke
by the same discontinuity location but slightly
different in the dip reading.
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Figure 6. Rose diagram for all windows showing thediscontinuity directions.

Neverthelessthe concentration waa little low
compare with the first concentration mentied
before. The maximum density of concentration
presentwas5.71%.A total of 180 sets of bedding
and 229 satof joints wererecorded. Theravere
also present 8 sets of calcite veins and 6 sets of
faults thatmade the total data being recorded

423 sets of discontinuities.

For a failures mode we go throughthe planar
sliding failure first. Forplanar sliding failuregee
Figure 3, from the contourgenerabn by the
kinematic analysis, it was found that a total of 30
sets (7.09%) of discontinuities occurred within the
critical zone susceptible tothe planar sliding
failure.

Figure 7. Planer sliding failure for overall windows.
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From the wedge failure contouseg Figure §
generatiorby thekinematic analysis, 20690 die
intersection was present in the critical zonetliar
wedge failure to happen. Notably, the wedge
failure tends to happen when two discontinuities
intersect with each other From the contour
generation we knowthat there are 89105 dhe
intersection of hcontinuities presentdowever,
only 23.22% of thenarelocated in the critical zone
thattendfor the wedge failure to happen. From the
contour, 23.22% (< 30%) can be considere as
less critical condition. Howevethe presence of
wet surface conditian(i.e. reducd rock mass

shear strengthwhich is prone todeteriorateas a
result of moistureontent) may increase the critical
level of failure.

Lastly, the kinematic analysief the flexural
toppling failures (se&igure 9 was generated by
the software. 27 sets of discontinuitled in the
critical zone being susceptible tothe flexural
toppling failure. That makes 6.38% of
discontinuities lying inthe critical zone. The
requisite for flexural toppling failure to occuam
plane is required with a dip less than the friction
angle of that plane or any infilling materitdat
may be present and a dip direction out of the slope.

Figure 8. Wedge sliding failure for overall windows.

The original concept of GSI has been presented by
[22], which is divided into twenty categoribased

on the geological mapping (discontinuity
characteristics and visual impression). This system
was modified by[23] and [24] by adding new
parameters for the laminated/foliated rock masses.
Further, Marionos and Hoek (2001) have presented
a special GSI system for the heterogeneous rock
masses. After that, it was also modified by Sonmez
and Ulusey (1999) to the very poor and block rock
masses. However, in this research work, we used
[21] because their presented system was applied to
the field characterigts.

RQD plays an important role in the rock mass
classification but it is not valid for poor to block
rock masses (due to the difficulty in the calculation,
and often gives zero values). In this work, the RMR
system was used for the rock mass classifinat
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due to the quarry containing the rocks with fair to
good quality. The Kanthan quarry slope was
divided into 10 windows, and was studied using the
RMR and GSI systems. The RMR values in this
research work ranged from 62 to 70, and the GSI
values rangedrom 62 to 65. RMR and GSI had a
good positive correlation (shown iRigure 9,
revealing that RMR increased with an increase in
GSI. However, for a soft rock, the RMR and GSI
values tend to reduce, while it increases for the hard
and massive rocks. Thegression model for RMR
and GSI are presented kigure 9 The regression
model was trained using the data collected from the
RMR and GSI classification systems, and the
optimal equation obtained for the prediction of GSI
was given irFigure 10
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Figure 9. Flexural toppling failure mode for overall windows.

Figure 10. Correlation and regression between and RMR and GSI

The Knematic analysis is a method used t
evaluate the potential type of failure. In tiaierk,

the Kknematic analysis was also carried out
combired with RMR and GSI. According to GSI

(0]

and RMR, the quarry contains blocky, good to, fair

and slightly weathered rocks.

Newertheless, the kinematic analysis revealed that

thewindows A, G, and Hwerecritical for failure.
Hence therock mass classification system gives
soundknowledge about the chateristics of the
slope but the results are limited tohe
classification. On the othdnand, the kinematic
analysis providesa detail for the failure mode.
According to RMR window A comprise "good

rock" and it is good to slightly weathered

concerning GSI but the kinematic analysisof
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window A is prone to critical toppling failur& he
cass of windows G and Hwereembodied'good
rock' as reported by RMRwnd "good to fail as
indicated byheGSlI system, while according tioe
kinematic analysisvindow Gis susceptibl¢o the
critical wedge &ilureand window H is vulnerable
to critical wedgeplanar failure

5. Conclusions

The objectie of this work was to evaluate the
stability of the studied slope amdentification of

the significant parameters that can influence the
rock slope stabilityThe rock mass classification
system was used to evaluate the stability of the rock
slope. Furthermorethe kinematic analyss was
carried ouusingtheRocscience Software Dips 6.0
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to determinghetendency of failure to happenhe
Rock Mass Rating (RMR¥lassification system
comprises six parameters that identifthe
influenceof the rock massn the stability ofthe
geotechnical structuresThe focus of the RMR
classification systerwason the strength of intact
rock materiad, RQD, discontinuiy spacing
discontinuiy condition groundwater conditign
and discontinuiy orientation All of these
parameters were observed, measuredand
analyzed. In the RMR classification scheme, the
rock mass classeseredetermined from the total
rating for the resufof the parameters obtained.
The RMR analysis obtained from each window
showed that all windove, exceptfor window D,
could be classified into good rogcknd window D
was classified as fair rock. The RMR rating for
window D was different due tothe presege of
water seepage at the slope face. Astifier GSI
classification schemehe GSI value dependson
the structure and surface condition e
discontinuities. The GSI value for each window
wasalmost the same with onbyslight difference

in the range of 55-70. The GSI classification
scheme requires much experience to make a
precise judgment in the evaluatidBesides the
RMR classification schemedepends on six
parameters compateto the GSI classification
system which considers only two parameters.
From the correlationit could beindicated that
therewasa positive and good correlation between
RMR and GSI.

The knematic analysis revealed that windo#,

G, and Hwereproneto adifferent mode of failure,
while according to RMR and GSI, these windows
comprisel a good to fair rockOverall, it could be
concluded thathe kinematic analysiscombired
with rock mass classificatioprovided a better
understandingof the condition of rock slopes.
Therefore, thiswork revealed thathe rock mass
classification system combirtewith thekinematic
analysiswas suitable fora rock slope stability
assessment considering the weathering conditions
as well asthe severe weathered conditions
tropics
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