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ABSTRACT - In tropical climate, exposed rocks are significantly weathered to form extensive
weathering profile, which greatly affect the engineering integrity of the material. Geophysical
method such as the electrical resistivity mapping have increasingly being used in the
classification of the geoengineering properties of rock slope alongside conventional field and
laboratory testing. In this study, comprehensive assessment of the weathered granite is
carried out on selected exposed granite slopes in the Karak-Lanchang area, Pahang.
Petrological analysis indicated quartz minerals as being the most stable mineral among the
weathering grade. With increasing weathering grade, for physical properties of the granite of
porosity and moisture content shows positive trend, whereas the specific gravity, slake
durability index, and ultrasonic pulse velocity shows negative trend; for mechanical properties,
the surface hardness rebound value, point load strength, and uniaxial compressive strength
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shows negative trend with increase of weathering grade. Mapping from the resistivity zones
correlate with five zones of weathering grade, ranging from <200Qm for Grade V and up to
3000Qm for Grade I. The electrical resistivity value would also correspond to the different
engineering properties of the weathered granite. Engineering properties results indicate the
mechanical behaviour of high durability to very high durability and medium strength to very
high strength of the rock material. Rock mass rating of the slopes fall under Class Il (‘good’).
The results from electrical resistivity mapping, engineering tests, and rock mass classification
indicate the slopes to be intact. From the results, a general geo-engineering properties of
weathered granite is proposed.

1. INTRODUCTION

Malaysia, with its tropical climate that is hot and humid, have resulted in exposed rock slopes that rapidly weathers
over time [1]. Weathering is the process which lead to rock is be broken down as a result of the movement of water
through the hydrologic cycle [2], causing alteration of minerals and general disintegration of rock materials, which
eventually leads to overall weakening of the rock mass. The early stages of weathering are usually indicated by changing
in colour of the rock material, with the increase of weathering grade showing similar increase in the colour of the rock
surface from slightly to highly discoloured [3]. The amount of discolouration of rock material usually indicates the degree
of weathering, leading to difference of engineering properties, even if within the same rock mass [4]. As a result of the
weathering process, the density and strength properties of the rock materials would greatly decrease; on the other hand,
porosity, swelling coefficients, and friability of rock materials increases along with the increase in weathering grade [5].
Overall weathering of rocks leads to significance changes in engineering properties, leading increase in pore spaces and
reduction in mass and strength. [6]. These events can result in rock mass erosion and rock material deposition on the
slope, referred to as rock slope degradation. After excavation, cut slopes in rock masses will degrade owing to stress
release and weathering. In the humid tropics such as Malaysia, intense chemical weathering would lead to high occurrence
of landslides [7]. In Malaysia, a number of studies have studied the effect of weathering on granitic rocks, where it was
reported that weathering leads to the breakdown of geomechanical properties of rocks. [8] compiled a list of significant
landslides in Malaysia, noting several of the incident occur along rock slopes that consists of granitic rock.

The evaluation of rock slope stability is not straightforward due to various contributing factors to slope failures, such
as the slope geometry, slope forming material strength, rock type, discontinuity, weathering rate, and groundwater level.
One of the characteristics that leads to cut slope instability occurrences is cut slope degradation [9]. A rock mass is viewed
as being anisotropic and discontinuous, where discontinuities that are produced from stresses due to tectonic activities or
weathering effect would naturally occur in a rock mass [10]. These discontinuities would strongly influence the rock
mass, affecting the strength, deformation, and permeability [11]. Thus, it can be said that discontinuity plays an important
role in rock slope stability and affect its behaviour, and should be considered when assessing the properties of rock slopes.
Conventionally assessment of rock slopes could be divided into kinematic analysis, limit equilibrium, numerical
modelling, and empirical methods [12]. Case studies of previously published work on rock slope assessment in Malaysia
indicate the kinematic analysis being the most widely used method, followed by stability rating and numerical analysis
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[13]. The rock mass classification is one of the more prevalent metho in stability rating through empirical methods, due
to its simplicity and ability to manage uncertainty when dealing with the condition of the slopes [14].

Given the importance of mapping the discontinuous elements of a rock slope to properly asses the stability,
conventional field mapping, such as the commonly used scanline method, does have several disadvantages: they are time
consuming, and in areas with high steep-faced rock slope, field mapping of the slopes is quite limited due to constraint of
safe working space and unapproachability to higher part of slopes [15]. To address this limitation, geophysical mapping
such as the electrical resistivity mapping are being incorporated into rock slope assessment. Several studies have used
electrical resistivity in the mapping of granitic rock slopes, usually integrated with other geo-engineering studies [16-21].

A study was carried out to investigate the weathering condition of cut slopes at Lanchang-Karak area of Pahang,
Malaysia. The purpose is to determine the engineering properties and rock mass properties of the weathered granite from
a series of slope in Lanchang-Karak area. Field mapping which consists of discontinuity mapping, weathering grade
identification, and electrical resistivity mapping were carried out. Laboratory tests which consist of petrographic analysis,
specific gravity, water content, porosities, slake-durability test, ultrasonic velocities, surface hardness, point load test, and
uniaxial compressive test were carried out for identifying the engineering properties of the granite slope. From the field
and engineering tests, the stability of the rock slopes could be determined through the rock mass classification. The results
were compared with other published engineering tests of weathered granite, and a general geo-engineering index of
weathered granite is proposed.

2. METHODOLOGY
2.1  Study Area

The study area lies in the Central Belt area of Peninsular Malaysia (Figure 1), where the rock unit consist of a mix of
Carboniferous to Permian aged sedimentary and metasedimentary rocks, Triassic interbedded sedimentary rocks and
volcanic, Jurassic continental sedimentary deposits, and granitic bodies [22]. The rock units along the area includes the
Tembeling Group, Semantan Formation, and Seri Jaya Beds, as well as volcanic and granite bodies [23,24]. The granites
are predominantly of the I-type, formed during the geological period of Permian to Triassic and Upper Cretaceous [25].
Texture of the granite range from large grained, with equigranular primary texture, to porphyrytic biotite and hornblende
granite [26]. The granite grain sizes range from medium sized to medium-coarse sized, with subhedral-granular texture,
with most of the granite identified as being biotite granite [27]. The feldspar and biotite in the granite show alteration to
clay minerals along with increase of weathering grade of the granite [6]. Geochemistry studies on the granite of Pahang
are related to its role as parent rock for bauxite [28], and the concentration of rare earth elements in weathered granite
[29]. The focus of this study will be on this granite, where the geo engineering and geo resistivity properties of the rock
unit is studied.

Geology
Quaternary Permian
Unconsolidated Metasedimentary rock,
sediment limestone, volcanics
Jurassic-Cretaceous Carboniferous
Continental sedimentary Carbonaceous
rock deposit sedimentary and
metasedimentary rock
Triassic Granitic bodies
Interbedded sandstone, N
siltstone, shale; 0 15 30 Kilometers
widespread volcanics I . —_——

Figure 1. Geological rock unit along the Lanchang-Karak area. Geology from [22]

2.2 Field Data Collection

Field works were carried out on selected rock slope’s in the study area. Rock samples were collected from the three
(3) sites for laboratory tests, which are used for determining the engineering properties of the rock material and
subsequently the assessment of the properties of the rock slopes. Sledge hammer was used to separate the blocks from
the rock mass, according to the sizes suitable for laboratory engineering tests.
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Rock slopes discontinuity mapping were carried out by implementing the scanline method by laying out measuring
tape along the rock slopes, and keeping the tape as close as possible to the surface of the slope, as shown in Figure 2 (a).
The dip and strike of joint and fractures, as well as other relevant parameters for analysis, were measured along the
scanline. The discontinuity mapping method was conducted in accordance to the British Standards Institution (BSI) [30].
In addition, the weathering condition of the slopes were mapped. Investigation for the weathering condition of the rock
slopes were carried out following the standard of BSI [31]. For each identified weathering grades, in-situ surface hardness
tests were carried out using the Schmidt rebound hammer. Repeated reading of surface hardness were taken along the
length of scanline, in order to quantify the weathering grade of the rock mass along the slopes, as shown in Figure 2 (b).
A set of readings are taken for each section, with the application of the hammer to different part of the rock surface for
each impact. Following the standards of International Society of Rock Mechanics (ISRM) [32]. measurement in group of
10s, with the 5 lowest reading discounted and averaging the highest 5 readings for discontinuity reading, were used to
calculate the average reading for each measured section of the slopes.

S INE gt Ny
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(a) (b)
Figure 2. Field mapping of slopes. (a) Scanline mapping (b) Measurement of surface hardness of rock surface using
Schmidt Rebound Hammer

2.3 Electrical Resistivity Mapping

Electrical resistivity mapping was carried out to identify the subsurface condition of the rock slopes. The electrical
resistivity lines were set up using the ABEM Terrameter LS 2, connected to two multicore cables with stainless steel
electrodes that are hammered into the ground in a generally straight line with constant spacing, connected to the ‘take
out’ of the cables (Figure 3). The electrical resistivity mapping was carried out following the standards by ISRM [32] for
land geophysics in rock engineering. The main unit ABEM Terrameter LS2 and 12 V battery, located at the centre of
each surveying line. The resistivity lines was set out along roughly E-W alignment along rock slopes.

Testing configuration was based on the Schlumberger array, with the use of two (2) resistivity land cables and forty-
one (41) electrodes. The Schlumberger array was used for the survey due to it providing dense near-surface coverage for
resistivity data, with good vertical resolution and clear image of groundwater and sand-clay boundaries as horizontal
structures [33].

2.4  Laboratory Engineering Tests

Laboratory studies were carried out for identifying the mineralogy of the weathered granites, as well as determining
the engineering properties of rock material from the identified weathering grades of the rock materials of the slopes
(Figure 4). The tests that were conducted are petrographic analysis (for the purpose of rock identification and
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identification of mineralogical content), physical properties tests (covering the tests for specific gravity; water content;
porosities; slake durability index, Id,; and ultrasonic pulse velocity, UPV) and mechanical tests (covering the surface
hardness using Schmidt Rebound Hammer, R; point load strength, PLS; and uniaxial compressive strength, UCS tests).
The tests were carried out following the suggested methods for testing of rock materials by ISRM [32,34]

iy, 1\

(d)
Figure 4. Laboratory testing apparatus for engineering tests. (a) Slake durability test (b) Ultrasonic pulse velocity test
(c) Point load strength test (d) Uniaxial compressive strength test

2.5 Kinematic Analysis

Kinematic analysis is determined from the discontinuity mapping of the rock slopes. The concept of kinematic analysis
is based on the Markland Test [35], where the probability of failures depends on the relationship between the slope dip
angle and the internal friction angle of the rock mass [36]. The analysis was carried out using the software DIPS [37].
Using the software, the discontinuity data from the slopes could be plotted on stereonet plot, which makes it possible to
identify an overall trend of the discontinuities on the slope. From the analysis, the potential for mode of failures (planar,
wedge, and topping) for the different discontinuity sets are able to be determined.

2.6 Rock Mass Classification of Slope

From field mapping and laboratory tests, the rock mass classification of the slopes could be calculated. In this study,
the Rock Mass Rating (RMR) is used, where several variations of the RMR is calculated where the different results are
then compared. The original RMR, or RMRge [38] is calculated using the sum of parameters of: strength of intact rock
material (using either the input parameter of PLS or UCS) (Rs), rock quality designation, or RQD (Rrgp), Spacing between
discontinuities (Rsp), condition of discontinuities (Recp), and groundwater condition (Rcg). The equation is shown in Eq.
1:

RMR89 = RS + RRQD + RSD + RCD + RCG 1)
The continuous function RMR, or the Modified-RMR (M-RMR) [39] uses the same parameter in RMRgg except that
continuous function rating is used in place for each parameter, meaning that instead of a range of values for each parameter
through discrete values ranking, the values are calculated using continuous functions to provide exact figures for each

ranking of the parameters. This continuous function rating is applicable to both values of PLS reading (Eq. 2), or the UCS
reading (Eq. 3) for the parameter of Rs.

M — RMR 0.2(R@D) + 15log(SD) + 1.6708 + 2.9log (Groundwater flow) + 35.67 + RCD (2)

M — RMR

0.2(RQD) + 15log(SD) + 0.0756 + 2.9log (Groundwater flow) + 34.00 + RCD 3)

The 2014 RMR update (RMR14) [40] follows discrete values ranking similar to RMRgy where several modifications
were done: both parameter of Rrop and Rsp were combined to form the density of discontinuities (Rpp) parameter; the
rating for Rcp were modified to form the parameter Rcp14; and a new parameter for intact rock alterability rating (Rira)
was added, using values from the slake durability tests. The equation of RMR14 is shown in Eq. 4.

RMR14 = RS6 + RDD + RCD14 + RIRA + RCG 4)
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3. EXPERIMENTAL RESULTS
3.1  Field Mapping of Rock Slopes

Surface hardness test on slope surface using Schmidt Rebound Hammer measures the rebound value, R, which are
recorded alongside the weathering grade and the physical appearance of the rock surface. The slopes indicate weathering
grade zone that range from Grade Il to Grade V, with R values ranging between 10.8 to 67. To break down each
weathering grade and the observed R values, section of slopes with grade 11 granite shows R values between 41.2 and 67,
granite of Grade Il show R value between 27.6 and 41; granite of Grade IV show R value of 10.8 to 21.5; Grade V granite
returns no R value, and were highly weathered to brownish red soil material covered with vegetation. A summary of the
weathering grade mapping is presented in Table 1. From the tabulated data, a general trend is that higher weathering grade
of slope surface correspond to more deterioration of rock material and lower R values.

Table 1. Summary of weathering grade and Schmidt rebound hammer values from Site 1 — Site 3

S;:Jeiy \nggje\;\'/rg Percentage Mean Min Max 3;3?;?;?]
Site 1 I 4211 50.6 41.2 64.6 7.60
1 36.84 33.3 27.6 40.2 5.40
v 5.26 10.8 10.8 10.8 -
\ 15.79 - - - -
Site 2 I 33.33 56.8 45.8 67.0 6.19
1] 44.44 36.2 27.6 41.0 4.60
v 5.56 19.5 174 21.5 2.90
\ 2.78 - - - -
Site 3 I 64.29 55.3 45.8 64.0 5.12
I 28.57 40.3 39.6 41.0 0.57
v 7.14 17.6 17.6 17.6 -
\Y 64.29 55.3 45.8 64.0 5.12

From discontinuity scanline mapping, several sets of discontinuities were identified, as summarized in Table 2.
Discontinuity density, and Rock Quality Designation, RQD, which are necessary parameter for RMR, is also calculated
and presented in the table.

Table 2. Summary of discontinuity data sets from Site 1 — Site 3

Study Discontinuity Dip direction  Discontinuity  Discontinuity  Rock Quality Designation,

area set Dip (*) ®) density (%) density (m?) RQD (%)
Site 1 1 31 051 22.08 1.44 RQD =115-3.3(7.74)
2 78 064 13.75 1.13 =87.10
3 78 092 11.25 1.56
4 79 182 12.50 0.71
5 81 222 13.33 1.50
6 72 263 20.00 1.40
Site 2 1 75 033 34.87 1.81 RQD =115-3.3(21.46)
34 054 14.47 2.37 =44.20
3 89 074 5.263 1.62
4 78 178 4.61 14.29
5 55 275 4.61 1.37
Site 3 1 73 045 41.03 2.34 RQD =115-3.3(7.28)
2 56 135 13.10 2.31 =91.01
3 71 253 23.10 2.63

3.2 Petrographic Analysis

Petrographic analysis of weathered rock samples was carried out to identify the changes in mineral composition and
textures across the weathering grades. The result of petrographic analysis is shown in Figure 5 and Table 3:
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©
Figure 5. Photomicrograph of granite samples from study area: (a) Weathering Grade 1l (WG 1) (b) Weathering Grade
I (WG 1) (c) Weathering Grade 1V (WG V)

Table 3. Summary of main mineral content of weathered granite for studied area
Weathering Mica: Biotite (Bt)/ Muscovite

grade, WG Quartz (Q) K-feldspar (K) Plagioclase (P) (Ms)/ Chlorite (CI)
1 52.85-73.64 9.79-26.66 6.08-12.85 1.25-9.69
i 60.00-66.98 20.95-22.05 6.66 5.39
v 54.00-57.23 22.66-32.15 1.60-5.00 3.53

From field observation and petrographic analysis, the rock is identified as medium-coarse grained granite, with quartz
and feldspar being the primary minerals that make up the rock. Biotite occurs as accessories minerals, as well as smaller
occurrence of hornblende. Quartz mineral range in size from 2 to 4 mm. In Grade Il granite, the quartz shows no sign of
weathering, whereas feldspar mineral show alteration around its edges in the formation of sericite mineral (sericization).
With increasing grade of weathering, quartz grains commonly exhibit more fractures, and starts to be crystallized in
polycrystalline form (i.e. smaller group of grains). Feldspar shows greater alteration into sericite, and biotite minerals are
altered into greenish chlorite. In Grade IV, majority of feldspar and biotite is altered into fine clayey minerals, which
forms the groundmass of the rock. Iron oxide minerals becomes quite prominent in the groundmass, filling in the spaces
as opaque spots. Quartz remains unchanged in this weathering grade compared to other minerals. For Grade V, the granite
samples are too fragile to be prepared for thin sections.

3.3 Engineering Properties

Engineering properties tests carried out for the rock materials involves the measurement of specific gravity, moisture
content, porosity, slake durability index, and pulse velocity. The relationship between the physical properties and the
weathering grade of the granite, as well as the relationship between the slake durability index and pulse velocity against
weathering grade of the granite, is shown in Figure 6 to Figure 8.

35
@ Specific gravity [ |
30 y = 0.9621x2 + 0.281x - 2.1418
25 1| ® Porosity R?=0.846
20 Moisture content —
y = 0.102x2 %654

L
[
10 [ Il
5 I /I/ y = -0.0203x? - 0.0298x + 2.7116

e N R2=07047

Il 1 v Vv
Figure 6. Relationship between the physical properties and the weathering grade of granite samples from Lanchang-
Karak. From top to bottom: porosity VS weathering grade, moisture content VS weathering grade, and specific gravity
VS weathering grade
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Figure 7. Relationship between slake durability index and the weathering grade of granite samples from Lanchang-
Karak
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Figure 8. Relationship between ultrasonic pulse velocity and the weathering grade of granite samples from Lanchang-
Karak

A summary of the mean value of the measured parameters is shown in Table 4, and a summary of the statistical
analysis of the data set is shown in Table 5. The mean specific gravity values for weathered granite are 2.57 g/cm?, 2.44
g/cm?, 2.27 g/cm3 and 2.06 g/cm? for Grade Il, 111, 1V and V respectively. The mean porosity values are 2.24%, 7.53%,
14.00%, and 23.51% for weathering Grade Il, I11, IV, and V respectively. The mean moisture content values are 0.88%,
3.12%,6.24%, and 23.51% for Grade 11, 111, IV, and V respectively. The mean slake durability for weathered granite are
99.07%, 94.58%, 75.48% and 13.34% for Grade I, 111, IV and V respectively. The mean pulse velocity are 5726.21 m/s,
4131.40 m/s, and 1196.01 m/s for Grade I, 111, and 1V respectively. The general trend indicates that with an increasing
grade of weathering in granite, there is statistically significant increase in the porosity and moisture content of the granite.
On the other hand, with increase of weathering grade of granite, there is statistically significant decrease in the specific
gravity, slake durability index, and pulse velocity of the granite. Interpretation of the observed behaviour is that the
increase of weathering grade causes degradation of the mineral grains in the material, leading to formation of pores which
would subsequently increase the amount of water content and causes significant loss of rock materials, which in turn is
reflected in lower mass and weaker strength.

Collected rock samples from different weathering grades were subjected to different mechanical/strength tests. The
carried out tests are the and slake-durability test, laboratory surface hardness test (Schmidt rebound hammer, R), point
strength (PLS) test, and uniaxial compressive strength (UCS) test. The relationship between the mechanical properties
and the weathering grade of the granite is shown in Figure 9.
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Table 4. Summary of physical properties of Lanchang-Karak granite

Properties \g/]\i:?jterje\;\l/rg Mean Min Max 3;3?;?;?] Skewness

Specific I 2.57 2.47 2.63 0.04 Negative

gr?g/'gﬁge I 2.44 2.30 2.56 0.08  Negative

\V} 2.27 2.08 2.37 0.11 Negative

\Y 2.06 1.77 2.29 0.22 Negative

Porosity, n Il 2.24 0.80 5.90 1.20 Positive

(%) i 7.53 1.65 12.10 2.67 Positive

\Y 14.00 8.06 20.75 3.77 Positive

\Y 2351 14.79 32.31 7.69 Positive

Moisture I 0.88 0.31 2.39 0.49 Positive

CO”“(?;L MC 1 3.12 1.33 5.17 1.20 Positive

) \Y 6.24 4.49 9.55 2.00 Positive

\Y 11.85 6.49 18.28 5.15 Positive

Slake 1 99.07 97.62 99.85 0.66 Negative

durability I 94.58 91.29 99.98 2.00 Negative

index, Id, v 75.48 63.74 89.10 8.08 Negative
(%) v 13.34 13.34 13.34 - -

Pulse I 4726.21 4030.30 5316.58 471.51 Negative

velocity, Vp 1] 4131.40 3505.25 4794.37 505.36 Negative

(m/s) v 1196.01 511.35 1713.96 507.71 Negative

Table 5. Summary of correlation between physical properties and weathering grade of Lanchang-Karak granite

Physical Degree of t-test value P- Correlation, r
properties freedom, df value
SG 53 13.91 0 -0.89
n 53 16.20 0 0.91
MC 53 13.36 0 0.88
Id> 55 8.57 0 -0.76
Vp 30 7.92 0 -0.82

A summary of the mean value of the parameters for the different weathering grade is shown in Table 6 and a summary of
the statistical analysis of the data set is shown in Table 7.

Table 6. Summary of mechanical properties of Lanchang-Karak granite

Properties \g/;\izztefje\;\l/rg Mean Min Max gé?/?:t?cr)?\ Skewness
Rebound Hammer I 53.20 42.00 64.00 7.40 Positive
value, R 11 40.00 34.60 44.80 3.70 Negative

v 17.00 14.00 19.40 2.80 Positive
Point Load Strength, I 5.48 2.95 11.36 2.09 Positive
PLS (MPa) i 1.00 0.20 355 0.71 Positive
v 0.18 0.06 0.36 0.06 Positive
\Y 0.06 0.06 0.06 - -
Uniaxial Compressive I 87.57 68.31 100.85 11.65 Negative
Strength, UCS (MPa) 1 73.59 59.19 88.84 11.62 Positive
v 11.78 5.56 17.99 8.79 Positive

journal.ump.edu.my/construction 8
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Figure 9. Relationship between the engineering properties and the weathering grade of granite samples from Lanchang-
Karak (a) R VS weathering grade, (b) PLS VS weathering grade, and (c) UCS VS weathering grade
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Table 7. Summary of correlation between strength properties and weathering grade of Lanchang-Karak granite

Strength Degree of t-test Correlation,
. P-value
properties freedom, df value r
R 21 8.76 0 -0.89
PLS 73 8.94 0 -0.72
UCS 21 6.25 0 -0.81

The Schmidt rebound hammer values are 42.0-64.0, 34.6-44.8, and 14.0-19.4 for weathering grade 11, 111, IV, with no
values returned for grade V. The mean point load strength values are 5.48 Mpa, 1.00 Mpa, 0.18 Mpa, and 0.06 Mpa for
grade I, 11, IV, and V. The mean uniaxial compressive strength values are 87.57 Mpa, 73.59 Mpa, and 11.78 Mpa for
grade Il, 111, and 1V. The general trend indicates that with an increase of weathering grade of granite, there is statistically
significant decrease in the strength properties of the granite. Interpretation of the observed behaviour is that strength of
the rock material is affected by the overall density of the material: the increase of weathering grade causes degradation of
the mineral grains in the material, leading to increase of porosity and moisture content which would overall severely
degrade the strength of the material.

3.4  Electrical Resistivity Profile of Weathered Granite

Electrical resistivity survey was conducted along a 100 m line for Site 1 and 200 m line for Site 2 and Site 3. Due to
the limitation of the length of slope surface that is accessible for the surveying, the electrical resistivity survey was carried
out with an electrode spacing of 2.5 meter for Site 1 and 5 meters for Site 2 and Site 3 respectively. With this configuration,
the maximum depth of the image reaches up to 20 for Site 1 and 40 m for Site 2 and Site 3. The profile of the electrical
resistivity mapping and interpretation of the resistivity profile is as shown in Figure 10 to Figure 12:

El

E41

~o
__________

———————

Completely weathered granite
(Grade V)

Slightly weathered granite
(Grade II)

Highly weathered granite
(Grade V)

Slightly weathered granite
(Grade 1I)

Model resistivity with topography
Iteration 5 Abs. error = 1.4

Moderately weathered granite
(Grade 11I-1V)

v"ﬂs- _,sili___ TN A

N N . . D [ O . O ) O O .-
0 (] 0 200 400 1000 3000 5000

Resistivity in ohm.m

Figure 10. Electrical resistivity profile and interpretation for Site 1

Highly weathered granite
(Grade V)

Slightly weathered granite
(Grade II)

Medium weathered granite
(Grade 1I-IV)

Model resistivity with topogxaphy

Iteration 7 Abs. error = 2.1
Elev.

135.9, 0.0
130.0

115.0
110.9] Ground surface
165.8
100.0
95.8
90.0

N . N T O . O ) O T .
.0 0

200 400 1000 3000 5000
Resistivity in ohm.m

Figure 11. Electrical resistivity profile and interpretation for Site 2
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Figure 12. Electrical resistivity profile and interpretation for Site 3

For Site 1, a zone of resistivity value greater than 1000 Qm — represented by yellow and brown in the electrical
resistivity profile — is found around the right side and centre of the slope, corresponding to blocky granite exposure with
discontinuity sets, and are interpreted to be slightly weathered granite zone. The second zone, with resistivity value in the
range of 300 — 1000 Qm — represented light-green to greenish yellow in the electrical resistivity profile —is found in the
left and centre section of the slope, and are interpreted to be medium-weathered granite zone as it corresponds to the
weathered granite surfaces with discontinuity sets. The third zone, with resistivity value less than 300 Qm — represented
by bluish green in the electrical resistivity profile — is found at the centre of the slope around 40 m length of the survey
line is interpreted to be the highly weathered granite zone, as it corresponds to section of granite weathered to form dark
reddish surface.

For Site 2, a zone of resistivity value greater than 1000 Qm — represented by yellow and brown in the electrical
resistivity profile — is found around the 47-55 m length of the survey line, corresponding to blocky granite exposure with
discontinuity sets, and are interpreted to be slightly weathered granite zone. The second zone, with resistivity value in the
range of 200 — 1000 Qm — represented light dark green to greenish yellow in the electrical resistivity profile — is found
in the lower centre part and right part of the slope, and are interpreted to be medium-weathered granite zone as it
corresponds to the weathered granite surfaces with closely spaced discontinuity sets. The third zone, with resistivity value
less than 200 Qm — represented by bluish green in the electrical resistivity profile — is found at the centre of the slope
around the 120 m length of the survey line is interpreted to be the highly weathered granite zone, corresponding to zone
of intact granite material covered with weak and loose rock materials.

For Site 3, a zone of resistivity value greater than 1000 Qm — represented by yellow and brown in the electrical
resistivity profile — is found around the majority of the upper section of the slope, corresponding to blocky granite
exposure with discontinuity sets, and are interpreted to be slightly weathered granite zone. The second zone, with
resistivity value in the range of 200 — 1000 Qm — represented light-dark green to greenish yellow in the electrical
resistivity profile — is found in the left section and lower part of the right section of the slope, and are interpreted to be
medium-weathered granite zone as it corresponds to the weathered granite surfaces with discontinuity sets. The third
zone, with resistivity value less than 200 Qm — represented by bluish green in the electrical resistivity profile — is found
at the upper part of the left section and center section of the slope, is interpreted to be the highly weathered granite zone,
as it corresponds to zones where intact granite blocks are surrounded by loose and weak materials.

Based on the comparison between the mapped slope surface and the electrical resistivity profile, the difference in the
values of electrical resistivity could be attributed to the condition of the rock material of the slopes, caused due to the
different state of weathering. Results of laboratory testing from the previous section show that there is high degree of
correlation between the weathering grade of granite and the engineering properties of the material, with an observed
decrease in strength and increase of moisture content with the increase of weathering grade. Although out of the scope of
this paper, several laboratory studies between measured electrical resistivity of rock material and engineering properties
have noted on the correlation between electrical resistivity with the engineering properties, with increase of electrical
resistivity related to increase of strength and decrease in physical properties of rock materials [41-43]. Therefore, when
dealing with mapping of rock body where changes of rock type can be ruled out for the observed different zones of
electrical resistivity, the different zones can be attributed to different grade of weathering of the rock, each showing
distinct engineering properties. From the subsurface interpretation and surface observation of the rock slope, a range of
electrical resistivity values and interpreted weathering grades proposed, as in Table 8.
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Table 8. Proposed resistivity range for weathering grade of granite for Site 1 — Site 3

Location ~ Weathering grade, WG Material description Resistivity (2m)

Site 1 1 Slightly weathered 1000-3000
Il Moderately weathered 400-1000
v Highly weathered 300-400
\% Completely weathered <300

Site 2 1 Slightly weathered 1000-3000
Il Moderately weathered 400-1000
v Highly weathered 200-400
\% Completely weathered <200

Site 3 | Fresh rock >3000
1 Slightly weathered 1000-3000
1l Moderately weathered 400-1000
v Highly weathered 200-400
\% Completely weathered <300

35

Kinematic Analysis

Kinematic analysis of these discontinuities was carried out, in order to identify the potential of kinematic failures for
the slopes. The summary of the analysis is shown in Table 9. From the result, it can be summarized that there is very low
potential of planar failures to occur due to the discontinuity sets in the rock mass; meanwhile there are significance
potential of wedge failures, and low potential for toppling to occur due to the orientation of the discontinuity sets in the

rock mass.
Table 9. Summary of kinematic analysis of rock slopes from Site 1 — Site 3
Slope Planar Wedge Toppling Toppling
P (%) (%) (Flexural) (%)  (Direct) (%)
Site 1 0.42 15.53 1.67 15.64
Site 2 0.00 11.66 3.29 24.02
Site 3 0.00 19.94 6.90 14.16
3.6  Rock Mass Classification
Results from the field mapping and laboratory tests are used for the evaluation of RMR. The evaluation of the RMR
Table 10.
Table 10. Evaluation of Rock Mass Rating for Site 1 — Site 3
. Rating: RMRgy/
Parameters Description or values M-RMR/RMRus RMRgs M-RMR RMRu
Site 1
Point load test (lss0)) (Mpa) 1.56 - 7.40 7/6.9/7 71.6 82.4 75.8
RQD (%) 87.10 20/17.4/-
Average spacing of 0.72 15/21.9/-
discontinuities (m)
De_qsﬂy of discontinuities 774 /-/32.8
(m™)
Condition of discontinuities ~ omo0th surfaces, Separation 0.1- g 619 6/13 8
1 mm, slightly weathered walls
Slake durability index (%) 98.74 - 99.44 -/-110
Groundwater condition Completely dry 15/15/15
Site 2
Point load test (Iss0)) (Mpa) 3.27 - 6.14 MPa 7/10.3/7 65 72.76 68.6
RQD (%) 44.20 12/8.8/-
Average spacing of 0.48 11.6/19.2/-
discontinuities (m)
De_rlsny of discontinuities 2146 J-/28.4
(m”)
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Table 10. (cont.)

Rating: RMRgo/

Parameters Description or values M-RMR/RMR s RMRgs M-RMR RMRu

Condition of discontinuities oot surfaces, Separation <0.1 yq 419 413

mm, slightly weathered walls
Slake durability index (%) 97.99- 99.85 -/-110
Groundwater condition Completely dry 15/15/15
Site 3
Point load test (Isso)) (Mpa) 2.82-7.41 7/9.1/7 72.7 82.9 75.3
RQD (%) 91.01 20/18.2/-
Average spacing of 0.49 11.3/19.4/-
discontinuities (m)
De_qsny of discontinuities 798 -/-/30.3
(m™)

Smooth surfaces, Separation
Condition of discontinuities <0.1 mm, slightly weathered 20.5/20.5/13.5

walls

Slake durability index (%) 97.62 - 99.61 -/-/10
Groundwater condition Completely dry 15/15/15

From the evaluation, all of the slopes fall under Class Il of the RMR for RMRgy and RMR14, and most of the slopes
fall under Class I and Class Il for M-RMR. Under the classification of RMR this would indicate the slopes to be of ‘very
good rock’ for Class I and ‘good rock’ for Class II which under the classification would indicate generally good slope
condition with long average stand-up time.

3.7  Geo-Resistivity and Geo-Engineering Properties of Granite

From the analysis, it was shown that deterioration of weathered granite results in measurable changes in electrical
resistivity and engineering properties. From these, a comparison between the mapped electrical resistivity values with
other published data of electrical resistivity range for weathered granite [16,20,44-46] is carried out: generally, the values
fall under the acceptable range of observed electrical resistivity of weathered granite. As noted in earlier section, previous
studies where the electrical resistivity values of weathered rock materials were directly correlated with prepared samples
in the lab, such as the works by [41-43] are less common in the study of geotechnical properties of rock material, due to
the use of measuring devices that are not commonly found in conventional engineering laboratory. Despite that, the range
of electrical resistivity for the weathered granite could still be useful for classifying the different weathering grade of the
granite found in the field, which have been shown to all have distinct engineering properties for the different grade of
weathering. Similarly, a comparison between the results of engineering tests with published data of various engineering
properties of weathered granite is carried out, where data is compared with values from the works of [47-53]. By
comparing the results with the published studies, the values of engineering properties in this study falls roughly into the
range of the commonly observed engineering properties of weathered granite. From this, an overall engineering properties
index of weathered granite from the Karak-Lanchang is presented in Table 11.

Table 11. Summary of engineering properties index of weathered granite of Karak-Lanchang area

Weathering grade ~ Rock mass resistivity ~ Specific gravity Porosity & water Ultrasonic pulse Strenath values
of granite, WG range (Qm) (g/cm?3) content (%) velocity (m/s) g
1 1000-3000 2.47-2.63 n: 0.80-5.90; 4030.30-5316.58  1d2: 97.62-99.85 %
MC: 0.31-2.39 R: 42.0-64.0
PLS: 2.95-11.36 MPa
UCS: 68.31-100.85 Mpa
i 400-1000 2.30-2.56 n: 1.65-12.10; 3505.25-4794.37  1d2: 91.29-99.98 %
MC: 1.33-5.17 R: 34.6-44.8
PLS: 0.20-3.55 MPa
UCS: 59.19-88.84 Mpa
v 200-400 2.08-2.37 n: 8.06-20.75; 511.35-1713.96  Id2: 63.74-89.10 %
MC: 4.49-9.55 R: 14-19.4
PLS: 0.06-0.36 MPa
UCS: 5.56-17.99 Mpa
\% <200 1.77-2.29 n: 14.79-32.31; - Id2: 13.34 %
MC: 6.49-18.28 PLS: 0.06 MPa

R, UCS not available

n = porosity, MC = moisture content, Id2 = Slake durability index, R = Schmidt Rebound Hammer value, PLS = point load strength,
UCS = uniaxial compressive strength
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4. CONCLUSION

Weathering process have resulted in various weathering grades of the granites of the slopes. The mapping of various
discontinuity sets indicates the potential of kinematic failures. Petrographic analysis of the mineral content across the
different weathering grade of the granite shows significant alteration of the mineral, noticeably the feldspars and biotite.
Physical properties of the weathered granite show a decrease of the specific gravity of the granites with increasing
weathering grade, whereas the porosity and moisture content of the granites show an increase with the increasing
weathering grade. From statistical analysis, there are statistically significant strong increase in the value of porosity and
moisture content with increase of weathering grade of granite, and statistically significant decrease of density, slake
durability index, pulse velocity, surface hardness, point load strength and uniaxial strength with an increase of weathering
grade of granite. Electrical resistivity mapping has identified up to five zones of weathering grade in the granite of the
slopes, which correspond to observed features in the field. The mineral content, physical properties, and engineering
properties of the weathered granite show comparable change with other literatures on weathered granite, where an increase
of weathering grade in the rock gradually leads to the weakening of the physical properties and strength of the granite.
This could then be attributed with a decrease in the measured electrical resistivity value. Result of the electrical resistivity
mapping of the weathered granite indicate that the method is a useful addition for geotechnical assessment of rock slopes,
where zones of weathering — and in turn, zones with weak strength properties — could be determined. This is useful in
addition to conventional field engineering test of rock materials, which can be quite time consuming, high cost, and
limited in covering the extent of the studied ground surface. Previous studies indicate how physical properties and
engineering properties of rock material can be correlated with electrical resistivity value. By assessing the engineering
properties of the granite of the cut slope from Lanchang-Karak area the rock mass classification of the rock slopes
indicates them to be of very good to good quality (RMR Class 1-Class I1). However, with indication of potential wedge
and toppling failure, and the presence of several zones of high weathering grade, the physical and engineering properties
of the weathered material of the slopes should be observed for further deterioration and potential failures, especially along
zones of high weathering indicated from field mapping and electrical resistivity mapping. An overall electrical resistivity
and engineering properties index of the weathered granite is presented, which can be prove beneficial for future studies
on the geotechnical assessment of weathered granite.
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