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ABSTRACT

The purpose of this study was to understand rock mass characteristics of carbonate rocks using parameters of RMR and GSI and their bearing
on effective porosity or permeability of rocks, which is the crucial entity in the flow and storage of water within a rock mass, which is an
important consideration in groundwater investigations. Discontinuity analysis is a technique that describes the geometry and characteristics
of joints and fractures in a mass of rock. The carbonate rocks of the Chandragiri Limestone of the Phulchauki Group were assessed for
strength, joint volume, spacing, joint conditions, and groundwater. Many researchers use the combined condition value of the Lugeon and
the RQD value to develop the empirical relation to estimating them. The maximum RMR (77.50%) and the lowest RMR (51.75% ) indicate
good to fair rock mass. GSI computed based on structural rating and surface condition rating falls between 33 and 55, indicating a blocky,
disturbed structure with a fair to very good surface. GSI* computed using the joint condition and RQD (using empirical equation) falls
between 42.53 and 73.85, showing somewhat different results. The rock mass permeability (from RQD) varies from 2 to 8.78, indicating a
range from slightly permeable to permeable. The RMR-GSI charts were used to evaluate the permeability of the rock mass, which also indicates
slightly permeable to permeable rock mass. The permeability (Lugeon) is more than 100 for all locations classified as very high, indicating the

rock is permeable.
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1. Introduction

Groundwater, natural resources, etc., are stored in large quantities in
carbonate rocks, which are good for storing and transmitting water, as
they are good aquifers [1]. Interconnected fracture and their apertures
have primary importance in understanding permeability and
groundwater yield [2]. In hard rock formations, the movement of
groundwater is typically influenced by cracks, joints, geological
boundaries, areas of rock movement, faults, voids, and other
discontinuities [3]. The groundwater in hard rocks flows through the
permeability of the rock [4]. The rock or soil's intrinsic permeability
indicates how well it can transmit fluid when the fluid is in motion in a
porous medium [5]. Based on various geological and engineering
parameters, RMR provides information about the overall strength of
rock masses [6] and GSI provides a rock mass's overall quality and
intactness [7]. Intact rock mass properties and discontinuities govern
the rock mass characteristics [8]. Sonmez and Ulusay [9, 10] analyzed
the GIS method of previous authors and modified the GSI to provide a
more quantitative basis for evaluating GSI values. Intact or massive
rocks are mainly impermeable and the rock masses having
discontinuities can be permeable. It provides the pathways which lead
to the flow of water which may impact the permeability of rock mass
[11]. Somodi et al. [12] emphasize the importance of understanding rock
mass properties by describing relationships between GSI chart ratings
and GSI values based on RMR.

However, direct measurement of the rock mass permeability is
challenging without performing tests. Kayabasi et al. [13] determine
Rock quality designation (RQD), weathering degree, discontinuity
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roughness, and discontinuity fillings of core runs from drillings along
with Lugeon tests and derive an empirical relation. RQD, GSI, and
Lugeon values were combined to generate a relation among them [14].
Lugeon [15] introduced a technique known as the Lugeon test, used for
assessing the transmissivity of a rock mass that involves pressurizing
water in a borehole in a rock mass and monitoring the water loss over a
specific period. The objective of this research was to characterize rock
masses of the Chandragiri Limestone by analyzing discontinuity and
rock mass rating parameters and estimating permeability using
empirical relations. It provides useful insights into how rock
discontinuity parameters can be used to estimate permeability,
contributing to a better understanding of groundwater flow in the
region. How do discontinuities and rock mass characteristics (assessed
by RMR and GSI), influence the permeability of the Chandragiri
Limestone? By addressing this question, the research tries to find a
condition of Groundwater, with broader implications for its
management in carbonate rock formations.

2. Geological setting of the area

The Himalayan orogeny caused extensive bending and faulting in the
Kathmandu Valley's rocks. Its center is covered by Quaternary lacustrine
deposits, whereas its surroundings are formed by the Lesser Himalayan
sedimentary, meta-sedimentary, and metamorphic rocks [16]. The
Lesser Himalayas rocks are divided into the Kathmandu Complex and
the Nawakot Complex [16, 17]. The Kathmandu Complex is divided into
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the Bhimphedi Group and the Phulchauki Group. The Chandragiri
Limestone of the Paleozoic age is the prominent formation of the
Phulchauki Group.

The Chandragiri Limestone is underlain by the Sopyang Formation
and overlain by the Chitlang Formation. The Chandragiri Limestone
contains blue-grey fine-grained siliceous and dolomitic limestone [16]
and is well-exposed around the southern and northern areas.
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Fig. 1. Location map of the Study area.

In the southern part, it rests over the Sopyang Formation and gives
way to the Chitlang Formation with transitional contacts, and it also
forms a limb of the syncline, the core of which lies at the summit of the
Chandragiri Range. In the Chandragiri Limestone, the rocks are slightly
moderately weathered, ranging from thin to massive bedded. The lower
part consists of bluish to greyish fine crystalline limestone with phyllite
parting and metasandstone interbedded, whereas the middle and upper
parts comprise siliceous limestone. The small-scale folds are also visible
in the middle portion. Moving towards the Chandragiri Range along the
road section, the white to pink quartzite of the Chitlang Formation
indicates the contact between the Chandragiri Limestone and the
Chitlang Formation.

3. Methodology

After the preliminary study, detailed fieldwork was conducted.
Twenty sampling locations were selected, considering geological
representativeness and avoidance of repeated strata to ensure
uniformity. Each site was chosen based on its distinct structural
characteristics, ensuring a diverse and reliable dataset. Information on
lithology, geological structures, rock types, and discontinuities was
collected carefully.

3.1 Discontinuity analysis:

The orientation of discontinuities, including joints, fractures, and
bedding planes, was measured using a geological compass. Spacing
between discontinuities was measured using a measuring tape.
Persistence, Aperture sizes, infilling material, weathering condition, and
surface roughness of discontinuities were qualitatively assessed using
visual inspections and compared against standard criteria. The value for
each discontinuity set was assigned following Bieniaswki's [6] table
guidelines to standardize observations across all sampling locations. The
data obtained were used for evaluations of both GSI and RMR.

3.2 Rock Mass Ratings (RMR)

Five parameters were determined to assess the RMR based on
Bieniawski's [6] table. Five parameters are discussed below:

Uniaxial Compressive Strength (UCS):
Uniaxial Compressive Strength (UCS) was estimated in the field
using a geological hammer and hand nails following the criteria set by
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Brown [18]. The value obtained was then compared with the Bieniaswki
[6] table.

Rock Quality Designation (RQD):
Rock Quality Designation (RQD) was calculated using Palmstrom's
[19] equation;

RQD-=115-33Jv o)

where Jv represents the volumetric joint count. The following
equation was used:

Jv=1/S1+1/S2+....+1/Sn (i)

where, S1, S2, .. Sn are the average in spacing in meters for the joint
sets, and n represents the random joint set available in the sampling area.

Spacing of discontinuities:

The minimum and maximum spacing for each joint set present in the
sampling location was measured using a measuring tape. The average
spacing of each joint set was calculated and ratings were given based on
the Bieniawski [6] table. Then the ratings of every joint set were
averaged and the final rating of spacing was obtained.

Joint condition:

Parameters such as joint persistence, aperture, surface roughness,
infilling materials, and weathering grade were qualitatively evaluated
based on visual assessments and a rating was given according to
Bieniawski's [6] table. Then, the rating for each parameter joint set was
averaged. The obtained average of each parameter was summed and the
final rating of the joint condition was obtained.

Groundwater condition:

Observations related to groundwater presence were made during
field visits. The ratings were assigned based on site conditions as given
by Bieniawski’s [6] classification system.

After rating all five individual parameters, it was added and the final
RMR value was obtained.

33 Geological Strength Index (GSI):

The Geological Strength Index was calculated using two different
methods.

3.3.1 Based on Structural rating (SR) and Surface condition Ratings (SCR)

Sonmez and Ulusay [10], modified the existing GSI chart and
introduced two key parameters: Structural Rating (SR) and Surface
Condition Rating (SCR). The SR was derived from the volumetric joint
count (Jv) using the equation:

SR=-175In (Jv) +79.8 (iii)

SCR was calculated based on the surface condition of discontinuities,
including roughness, weathering, and infilling materials, as:

SCR=a +b +c........ (iv)

where, a, b, and c represent the ratings for roughness, weathering, and

infilling, respectively. The GSI value was obtained by plotting SR and
SCR on the quantitative GSI chart against each other.

3.3.2. Based on joint condition and rock quality designation

In Hoek et al. [20] approach, two parameters of Rock mass Ratings,
Rock Quality Designation (RQD) and Joint condition (Jcond89) were
used. The Geological Strength Index (GSI*) in this method was
calculated as:

GSI*=15 (Jcond89) + 0.5xRQD.... (V)

3.4. Permeability

Direct testing of permeability was not feasible in this study. So, three
different empirical methods were used to estimate the permeability. The
empirical methods, containing parameters of RMR and the GSI, were
chosen for their reliability and relevance.
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Kayabasi et al. [13] used the dataset of 453 cases with the Lugeon test
value, along with corresponding RQD, Spacing of Discontinuity, and
SCR properties. The dataset was from various dams and coal mines
having different lithologies (such as Granite, diorite, volcanic breccia,
andesite, and agglomerate). They used these datasets to develop ANFIS
(Adaptive Neuro-Fuzzy Inference System) and multiple regression
models to derive an empirical relationship for the calculation of rock
mass permeability. They also performed simple regression analysis for
rock mass permeability with RQD, Spacing of Discontinuity, and SCR
using linear, exponential, power, and logarithmic functions. They used
the obtained highest coefficient of correlation to estimate rock mass
permeability. The simple regression analysis indicates that RQD shows
a positive relationship and is statistically useful in estimating rock mass
permeability values, while the spacing of discontinuity and SCR is less
significant. Although they utilized both ANFIS and non-linear multiple
regression models based on various discontinuity parameters But, in this
study, only a non-linear simple regression equation based on RQD was
used to estimate the rock mass permeability. The equation is as
following:

Rock mass permeability = -8.665 In (RQD) + 41.229...... ()]

Although RQD is an important parameter to estimate the
permeability sometimes it is not enough. In some situations, other
parameters also show both positive and negative relationships with rock
mass permeability due to the behavior of the material.

3.4.2. Based on the Rock mass permeability (RMP)-Geological strength index
(GSI) chart

The RMP-GSI chart was developed by Kayabasi [11] using 365 lugeon
test data along with corresponding Rock Quality Designation (RQD),
weathering degree, discontinuity roughness, and discontinuity fillings of
core runs. The surface condition ratings (SCR) and structure rating
values (SR) were defined to determine the GSI values. The Lugeon value
and GSI value have coincided with the quantitative GSI chart. The
quantitative GSI chart was separated with corresponding permeability
values, and a chart was prepared. This chart was utilized to estimate the
permeability of carbonate rocks in the Chandragiri Limestone. The
quantitative GSI chart, where SR and SCR value was plotted, coincided
with the RMP-GSI chart, and the permeability was obtained.

Although the RMP-GSI chart was applied to estimate permeability in
this study, this chart was developed primarily for non-soluble rock types
because the application to carbonate rock masses with potential karstic
features or soluble characteristics may hamper data accuracy. However,
the Chandragiri Limestone in this study does not exhibit visible karstic
features or cavities.

3.4.3. Based on the joint condition and rock quality designation

Oge [14] established relationships among rock mass classification
parameters (GSI and RQD) and permeability (Lugeon). He has tested
and evaluated a variety of rock types and discontinuity conditions and
provided equations. He correlated GSI, RQD, and Lugeon values. The
best-fitted line was drawn, and an equation was obtained. Thus, obtained
equation was rearranged with the equation given by Hoek et al. [20].
The final equation was obtained. The obtained equation (vii) was used
in this study to estimate Rock mass permeability because it consists of
pre-existing and commonly used parameters.

Permeability of rock mass = e 15+ (165Jcond165) /RQDI | . (vii)

The equations given for permeability were considered valid for only
the GSI < 60 and all RQD values.

4. Result

4.1 Lithological description of sampling station

Twenty sampling sites lie within elevations ranging from 1723 m to
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2066 m (Figure 1) and are oriented towards the SW direction, the dip
amount ranging from 42-62 degrees towards the south. In some
fractured zones and the upper portion of the bedrock, sparse vegetation
is present. The outcrop extension is higher in the lower portion followed
by the middle and then by the upper portion. Some of the areas near the
sampling location are highly jointed and fractured resulting in
landslides. Most of the sampling location shows high persistence
ie>10m. The sampling location KT2 has very low persistence and
mostly, it is covered with sparse vegetation. Thin to medium bedded,
finely crystalline, fresh to slightly weathered, bluish-grey limestone with
very thin phyllite partings indicates the Chandragiri Limestone. The
sampling locations are slightly to moderately weathered. The lower and
middle parts contain thin to massive beds, whereas the sampling
location of the upper part is very thin to thick-bed. The lower portion
exhibits bluish-grey, yellowish, and brown, whereas the middle and
upper portions are bluish-grey. All sampling locations have finely
crystalline grain sizes. The lamination is visible within the exposure of
the sampling location of the middle portion eg. location KT14. The
limestone along with dark grey metasandstone is present in the older
sequence. The limestone of sampling location KT20 is intercalated with
the thin-bedded fine-grained meta-siltstone. The ripple marks are visible
in the limestone bed along with the quartz veins. The traces of the pyrite
and iron oxide are excessive in some sampling locations. The calcite
leaching is common in the upper portion. The calcite crystal fills the
secondary pores within the bed of some sampling sites. The white-to-
pink laminated quartzite is dominant near the contact between the
Chandragiri Limestone and the Chitlang Formation. Exposures near
contact of the Chitlang Formation and the Chandragiri Limestone are
severely worn and distorted.

4.2, Discontinuity analysis

The Rock mass of the Chandragiri Limestone is oriented towards the
SW direction, the dip amount ranging from 42-62 degrees towards the
south. The spacing of discontinuity of the rock mass ranges between 60
mm and 2 m. The persistence rating of sampling location KT19 is highest
i.e4.67 and lowest is of KT10. The aperture rating is the highest of KT19
and the lowest of KT5. The joint condition value of sampling location
KT18 is the highest and the sampling location KT7 has the lowest value.
The overall joint condition of the study area is good. The ratings for the
discontinuity can be seen in Table 1.

4.3. Rock Mass ratings (RMR)

On the Thankot-Chitlang road segment, RMR of the 20 exposed
surfaces from the Chandragiri Limestone was carried out. Sampling
locations KT3, KT5, KT6, KT7, and KT13 have weaker strengths than
the remaining sampling locations (Table 1). The RQD values of KT4
were higher compared to other sampling locations. The exposed
surface's groundwater conditions were entirely dry. The RMR value
varies between 51.75% and 77.5%. In terms of rock mass categorization,
the rock masses of the Chandragiri Limestone were classified as fair to
good (Table 1). The presence of discontinuities, such as small-scale folds
and joint fractures, influences the RMR value because their orientation
and spacing influence the stability of rocks. Sampling locations such as
KTS5, KT6, etc. have higher discontinuities, due to which they have lower
RMR values. The discontinuities reduce intact rock by reducing overall
rock quality. Another influencing factor could be the weathering of
limestone. Weathered sampling locations show lower RMR values than
fresh, unaltered sampling locations.

4.4 Geological Strength Index (GSI)

The GSI was used to estimate the strength and deformability of rock
masses, which was needed for statistical analysis [21, 22]. Various
measures have been developed and modified for the construction of
projects such as tunnels, slopes, etc., especially in heterogeneous rock [9,
10, 23, 24]. The GSI was evaluated using two different methods
described in the following sections.
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Table 1. Rock mass characterization of the rock masses of the Chandragiri Limestone.

Strength RQD Spacing

Joint condition

(®1) (R2) (R3) (R4) & Rock Classification
SN n J2 13 J4 Cond. | *RMR
* *%
V(Mpa) [RLl| V(%) | R2 —— (X.) - (Z) Re (X,) = R3 | PR | SR | RR | IMR | WC ‘R& | (RS)
KT1 100-250 |12 | 8896 | 17 | 052 |10 | 026 | 10 | 048 | 10 10 333 | 333 | 533 5 2 1899 15 7299 I Good
KT2 100-250 |12 | 6428 | 13 03 10 027 [10 | 012 | 8 933 | 267 2 367 | 367 2 14.01 15 63.34 I Good
KT3 100-250 | 7 | 5623 | 13| 038 [10| 016 | 8 | 021 |10 | 024 |10 | 95 4 275 4 35 2 16.25 15 60.75 I Good
KT4 100-250 |12 | 9253 | 20 0.7 15| 034 [ 10 | 041 |10 1166 | 333 | 167 | 433 | 433 | 133 | 1499 15 73.65 I Good
KT5 50-100 7| 4230 | 8 023 |10 1 81023 |10 03 |10 95 325 | 15 2 35 4 14.25 15 53.75 it Fair
KTe 50-100 7| 4907 | 8 0.18 81013 |8 |03310]| 027 |10 9 35 | 175 | 25 35 15 12.75 15 5175 I Fair
KT7 50-100 7| 5233 |13 | 048 |10 | 012 | 8 | 037 |10 | 017 | 8 9 35 15 3 4 1 13 15 57.00 III Fair
KT8 100-250 |12 | 6184 |17 031 |10| 012 | 8 | 038 (10| 052 |10 [ 95 275 | 35 35 5 3 17.75 15 71.25 I Good
KT9 100-250 | 12 | 4841 8 032 |10 018 | 8 [ 023 [10| 014 | 8 9 5 4 4 5 4 22 15 66.00 1I Good
KT10 100-250 |12 | 8061 |17 | 044 |10 | 06 | 15| 02 [10| 065 |15 | 125 | 225 | 425 | 45 5 5 21 15 7750 1I Good
KT11 100-250 |12 | 8497 |17 | 039 |10| 03 |10 | 072 15| 055 | 10 | 1125 1 325 3 5 3 1525 15 7050 I Good
KT12 100-250 |12 | 7916 |17 [ 057 |10 | 021 |10 | 023 |10 10 333 3 3 5 267 17 15 71.00 I Good
KTi3 50-100 715692 | 13| 026 |10| 023 |10 | 018 | 8 | 026 |10 [ 95 4 375 | 25 5 3 1825 15 6275 I Good
KT14 100-250 |12 | 4930 | 8 0.17 8 1022 |10| 016 | 8 | 031 | 10 9 4 325 | 35 5 15 17.25 15 6125 I Good
KTI15 100-250 12| 6398 | 13| 032 | 10| 025 |10 | 012 | 8 933 | 333 | 167 3 3 133 | 1233 15 61.66 I Good
KTi6 100-250 |12 | 87.28 | 17 04 10| 032 |10 | 051 | 10 10 333 1 466 3 2 13.99 15 6799 I Good
KT17 100-250 |12 | 8243 |17 | 021 |10 | 051 |10 | 031 |10 10 4 233 | 533 | 367 | 267 18 15 72.00 I Good
KT18 100-250 |12 | 5095 | 13 046 (10| 019 | 8 [ 032 [10| 11 8 9 45 5 475 5 3 2225 15 7125 1I Good
KT19 100-250 |12 | 5454 | 13 03 10014 | 8| 012 | 8 867 | 467 | 433 | 533 5 2 2133 15 70.00 1I Good
KT20 100-250 |12 | 8868 |17 | 039 [10| 032 |10 | 043 | 10 10 4 4 467 5 2 19.67 15 73.67 I Good
*RMR=R1+R2+R3+R4+R5 *R3=Average of (Ra+tRb+Rc+Rd) **R4=PR+SR+RR+IMR+WR
V=Value R=Rating PR=Persistence Rating SR=Separation Rating RR=Roughness Rating IMR=Infilling Material Rating WR=Weathering Rating GW cond.=Groundwater Condition

441 GSI from SR and SCR

According to Sonmez and Ulusay [10], GSI was evaluated (Table 2).
The joint spacing, orientation, etc., were visualized in Structural Rating
(SR), and the rock surfaces such as weathered, smooth, and roughness,
were evaluated in Block surface condition rating (SCR). The SR
provides critical insights into rock mass stability. As the volumetric joint
count increases, the SR decreases, indicating that a higher density of
joints negatively impacts the rock’s structural integrity.

The study area has a blocky disturbed and very blocky rock structure
with fair to very good surface condition. (Figure 2) The sampling
stations KT1, KT4, KT11, KT16, and KT20 indicate a very blocky rock
structure and the remaining sampling locations indicate a blocky
disturbed rock structure. The sampling locations KT10 have very good
surface conditions.

Sampling locations KT1, KT8, KT9, KT11, KT 17, KT18, KT19, and
KT20 have good rock surface conditions and the remaining sampling
locations have a fair surface condition with blocky disturbed structure.
The highest GSI obtained is 55 of sampling location KT10. SR has quite
a higher value than SCR because only the spacing influences the SR, but
SCR is influenced by the weathering, roughness, and infilling of rock
mass. The sampling locations with higher SR and SCR values have
higher GSI values and vice versa. The sampling locations KT1, KT10, etc.
have higher SR and SCR possessing higher GSI values whereas the
sampling locations KT5, KT6, etc. having lower SR and SCR have lower
GSI values than others.

4.4.2, GSI* from joint condition data (Jcond89) and RQD

The GSI* obtained from the equation suggested by Hoek et al. [20]
has a higher value than the GSI from Sonmez and Ulusay [10] method.
The GSI* has the highest value of sampling location KT20 i.e. 73.85 and
the second highest value of location KT1 ie. 72.97. The lowest value is of
sampling location KT5 i.e. 42.53 (Table 2). The discontinuity parameters
and the RQD value play an important role in the value of the GSI*. The
Sampling location having the highest RQD and joint condition rating
has a good GSI* value, and vice versa.

4.5. Correlation between Rock mass rating and Geological strength
indices

The data of RMR, GSI, and GSI* were plotted. By establishing a
correlation between the RMR and GSI, RMR and GSI*, and GSI and
GSI*, we can gain insights into the properties of the intact rock and its
discontinuities. The RMR values fall within the range of 51.75% to 77.5%,
which classifies the rock type as good to fair. The GSI values vary from
33 to 55. And GSI* ranges from 42.53 to 73.85. Scatter plots illustrating
the relationships between RMR and GSI (Fig. 2), RMR and GSI* (Figure
3), and GSI and GSI* (Figure 4) are moderate to strongly positive. When
the RMR increases, the GSI and GSI* tend to increase. This relationship
demonstrates that greater GSI values are linked to higher RMR values.
The distribution of the majority of data points lies around the regression
line, showing that most points are close to the regression line, which
indicates a positive but not perfect correlation.

60
.
50 e
. .-?‘ u,..-?;;'ﬁ -
o PR
Gy | W@
%30
2 y=0.7573x-7.6785
R =0.8801
10
0
50 60 70 80
EMR

Fig. 2. Correlation between the RMR and GSI.
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Table 2. Geological Strength Indices of the sample location of the study area.

Joint condition (Jcondsgy)

Joint Structure Rating = = - = GSI (from SR and ++GSI* (from J
SN Volume (Jv) (*SR) Rogghness Infilling materials Rating Wea'thermg #SCR SCR) condg, and RQD)
ratings (a) (b) Rating (c)
KT1 7.89 43.65 533 2 5 1233 50 7297
KT2 1537 3198 367 2 367 934 40 5315
KT3 17.81 29.40 4 2 35 95 39 5249
KT4 6.81 46.23 433 133 433 9.99 46 68.75
KT5 22.03 2568 25 35 35 95 34 4253
KTeé 19.98 2739 25 15 3 75 33 43.66
KT7 18.99 28.28 3 1 4 8 35 45.67
KT8 l611 3116 35 3 5 115 43 57.54
KT9 20.18 2722 4 4 5 13 45 57.20
KT10 10.42 38.78 45 5 5 145 55 71.81
KT 9.1 4116 3 3 5 1 46 6536
KT12 10.86 38.06 3 267 5 1067 44 65.08
KTI13 176 2961 25 3 5 105 40 55.84
KT14 1991 2745 35 15 5 10 38 5052
KTI15 15.46 31.88 3 133 3 733 34 5049
KT16 84 42.56 466 2 3 9.66 44 64.63
KT17 9.87 39.73 533 267 367 11.67 46 68.21
KT18 19.41 2790 475 3 5 1275 45 58.85
KT19 1832 2891 533 2 5 1233 44 59.27
KT20 7975 43.46 467 2 5 1167 49 73.85
80.00 4.6, Permeability
L
70.00 . * Permeability controls the movement of fluids in the subsurface and
60.00 ‘t:; tells us how well a material can accommodate the passage of gases or
' e liquids like water. RMR gives a broad picture but does not give a precise
- 50.00 s S measurement of permeability. A direct measurement of permeability is
Y4000 | % not provided by GSI, but it does reflect potential fluid flow through the
o rock mass indirectly. The geological variability along with other
30.00 y=1.2582x-24.843 elements like joint spacing, groundwater conditions, infill materials, etc.
20.00 R*=0.9054 were considered. When discontinuities exist in rock, the permeability of
10.00 the rock is controlled not only by the intact rock but also by the
’ discontinuities that separate the intact rock blocks [25]. The persistence,
0.00 tightness, aperture, roughness, kind of infill, and filling thickness are
50 60 RMR 70 80 some of the features of discontinuities that affect a rock mass's strength
and water flow rate [14]. The permeability of the rock mass is calculated
empirically.
Fig. 3. Correlation between the RMR and GSI*.
4.6.1 Based on RQD
According to the equation given by Kayabasi et al. [13], the rock mass
90.00 permeability is calculated (Table 3). The lowest value of permeability is
80.00 of sampling location KT4 (i.e. 2) indicating slightly permeable rock mass
’ and the highest value is of sampling location KT5 (i.e. 8.78) indicatin
oy ™ g pling g
70.00 @ ._?; ----- ) permeable rock mass. The sampling location having a higher RQD
60.00 ) shows a lower value and vice versa. The sampling locations KT1, KT4,
*, 5000 o o™ KTI10, KT11, KT12, KT16, KT17, and KT20 exhibit slightly permeable
g 4000 . rock mass whereas the remaining sampling locations have permeable
30.00 rock mass.
2000 y =1.5836x - 8.4718 4.6.2 Based on the Rock mass permeability (RMP) - Geological Strength Index
10.00 R*=0.8678 (GSI) chart
0.00 Kayabasi [11] made some derivations based on the RMP-GSI chart
30 40 50 60

GSI

Fig. 4 Correlation between the GSI and GSI*.

for the rock mass permeability (Figure 6). Rock mass is impermeable or
somewhat permeable when its GSI value equals or exceeds 60. It is
permeable or very permeable when its GSI value is equal to or less than
20 and for the values between 20 and 60, the RMP-GSI chart should be
considered. A decrease in ratings can indicate increased permeability in
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Table 3. Rock mass permeability from empirical method.

Location RQD Joint condition RMP [14] Classification [26] RMP [11] Classification [15]
KT1 88.96 1899 47693 very high 234 Slightly permeable
KT2 64.28 14.01 251.98 very high 515 Permeable
KT3 56.23 16.25 563.45 very high 6.31 Permeable
KT4 9253 1499 21917 very high 2.00 Slightly permeable
KT5 4230 14.25 47237 very high 878 Permeable
KTé 49.07 12.75 226.96 very high 749 Permeable
KT7 5233 13 231.80 very high 694 Permeable
KT8 61.84 17.75 711.90 very high 5.49 Permeable
KT9 4841 22 5379.78 very high 7.61 Permeable
KT10 80.61 21 85532 very high 319 Slightly permeable
KTl 84.97 1525 249.50 very high 274 Slightly permeable
KT12 7916 17 38724 very high 335 Slightly permeable
KT13 56.92 18.25 983.89 very high 6.21 Permeable

KTl4 49.30 17.25 1019.04 very high 745 Permeable
KT15 63.98 12.33 164.17 very high 519 Permeable
KTié 87.28 13.99 191.39 very high 2.50 Slightly permeable
KT17 8243 18 44647 very high 3.00 Slightly permeable
KT18 50.95 2225 4756.93 very high 717 Permeable
KT19 54.54 2133 277226 very high 6.58 Permeable
KT20 88.68 19.67 54412 very high 237 Slightly permeable

rock masses [11]. On coinciding the plotted data (Figure 5) with the
RMP-GSI chart (Figure 6) we observed that the value lies in the slightly
permeable (around less than 5 Lugeon region) and permeable region
(around 5-25 Lugeon region). There is neither intact nor massive nor
blocky nor disintegrated rock mass structure. Absence of Poor and very
poor surface conditions in the chart indicating neither impermeable nor
very permeable rock masses are present. The sampling locations having
a good or very good surface condition with a blocky or blocky disturbed
structure lie in the region around 1-5 lugeon values indicating a slightly
permeable rock mass whereas the sampling location with a blocky
disturbed structure and good to fair surface condition lie in the region
of 5-25 lugeon value indicates a permeable region. The sampling
location KT1, KT4, KT10, KT11, KT12, KT16, KT17, and KT20 lies in the
slightly permeable region whereas the remaining stations lie in the
permeable region.

463, Based on a joint condition and RQD

The lowest Lugeon value (uL) is of sampling location KT15 and is
followed by location KT16. The value obtained by using the Oge [14]
formula lies between 164.17 and 5379.78. (Table 3) According to the table
given by Quifiones [26], a lugeon value having less than 1 is classified as
very low, 1-5 as low, 5-15 as moderate 15-50 as medium, 50-100 as high,
and more than 100 as very high. All the values obtained from this
equation are higher than 100. They are classified as very high. It indicates
that the rock mass is permeable.

5. Discussions

The investigation of the study area provides insight into rock mass
condition and permeability based on it.

5.1 Rock Mass Rating (RMR)

The study exhibits different strengths across sampling locations.
Despite having a fine grain and a high proportion of quartz [27] and a
fine grain [28]. KT5, KT6, KT7, and KT13 reveal strong strength. The
remaining locations are very strong probably due to high joint volume
and good weathering conditions. Groundwater conditions do not make
any impact. Joint spacing has less influence, but strength and RQD,
along with Joint condition have an influential effect on the RMR value.

The sampling locations KT5, KT6, and KT7 having low values of
strength, RQD, and Joint condition, have RMR values between 50 and
60. They lie in Class III indicating a “Fair rock” type. All the remaining
sampling locations have RMR values ranging between 60 and 80, which
lies in Class II indicating a “Good rock” type. The dolomite of the
Malekhu Limestone (when performing at two distinctive spots MI1 and
MI12), the MI1 has a low value of RQD and Joint condition and MI2 has
a low value of Joint condition along with Damp Groundwater condition
resulting in low RMR value ie. 57 indicating a “Fair rock” type. The
dolomite of Dhading Dolomite has a highly jointed and fractured rock
mass with very low RQD resulting in an RMR value of 52 [29, 30]. The
RMR of the Chandragiri Limestone ranges from 51.75% to 77.5% which
overlaps with them at the lower end. The study area has completely dry
groundwater conditions and other parameters with high values (mainly
RQD and Joint condition) compared to the Malekhu Limestone and the
Dhading Dolomites resulting in some higher RMR ratings. While both
are classified as “Fair rock,” the Chandragiri Limestone exceeds this
classification and is classified as a “good rock” type.

The carbonate rock of the Sabzkuh water conveyance project has very
low strength and groundwater condition due to which they have low
RMR. The value ranges from 14 to 56 indicating a “very poor to fair
rock” type [31]. Their value indicates poor rock mass quality than our
study site. All the parameters, strength, RQD, Joint spacing, Joint
condition, and Groundwater condition play a crucial role in the better
RMR value. A lower rating of any of the parameters restricts to a better
rock type. The sampling location KT4 has a good rating for almost all
parameters but the rating of joint condition is slightly low restricting the
rock to good rock from being a very good rock type. The condition is
similar for the three sampling locations of the Limestone rock mass of
Gunung Lang, Ipoh, Perak. Despite having good ratings for all the
parameters, the strength is low due to which the RMR values are
restricted to 77, 77, and 82 [32].

5.2. Geological strength indices

The GSI values calculated from SR and SCR range from 33 to 55. SR
is more influential than the SCR. The higher the value of SR the higher
will be GSI value. The sampling location KT6 with low SCR and SR
values has low GSI. Despite having the highest SR, KT4 does not have
the highest GSI due to a slightly lower SCR. The GSI value varies
depending on the calculation method used, which results in different
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GSI values for the same location which can be seen in this study The
GSI* calculated from the RQD and Joint Condition method ranges from
42.53 to 73.85. The sampling location KT20 with a high value of RQD
and joint conditions has good GSIL

The dolomite of the Malekhu Limestone having low values of SR and
SCR has GSI values of 38 and 40 when performing at two different spots
MI1 and MI2 respectively. This indicates blocky rock structure and fair
surface condition which is lower than the Chandragiri Limestone. Due
to the low RQD of Dolomite of the Dhading Dolomite, the method of
Osgoui et al. [33] was used, resulting low GSI value i.e.16 [29]. According
to Hashemi et al. [31], the GSI value of the carbonate rock of the
Sabzkuh water conveyance project which was calculated from overview
and structural geology and compared with Hoek and Brown [22] ranges
from 22 to 60. This indicates the disintegrated blocky. Those, which
were calculated based on the Block volume and joint surface condition
factors suggested by Cai et al. [34] range from 25 to 56.

5.3. Correlation between rock mass ratings and geological strength
indices

The parameters used for the assessment of both the RMR and GSI are
consistent throughout the study. Moderately strong to positive
relationship is consistently developed between the RMR-GSI, RMR-
GSI*, and GSI-GSI*, with R? values of 0.8801, 0.9054, and 0.8678
respectively. The RMR and GSI of the Lesser Himalaya have a good and
positive correlation with R?>=0.57 which is less than the Chandragiri
Limestone because of distinct lithological characteristics, and structural
and geological features that impact the RMR and GSI [29].

5.4. Permeability

The Chandragiri Limestone has quite a high RMR and GSI value. The
rock mass having lower RMR and GSI values may be expected to have
higher permeability because the higher is expected to have weaker
strength and quality. The Rock mass permeability value of limestone of
the Chandragiri Limestone calculated by using the regression equation
given by Kayabasi et al,, [13] ranges from 2 to 8.78. This is consistent
with, the value derived from the evaluation of the RMP-GSI chart given
by Kayabasi [11] which also shows slightly permeable to permeable rock
mass. The rock mass permeability for the same sampling location reveals
significant variability due to using of different methods given by
different authors. According to the empirically derived formula by Oge
[14], the permeability (Lugeon) value has been calculated and classified
by using the Quifiones [26]. The value obtained for the carbonate rock
of the Chandragiri Limestone by this method is higher than 100 which
is classified as very high. It describes the rock mass condition as the open
closely spaced voids. The study area is highly permeable [35, 36]. Among
the three approaches used for the calculation, two of the approaches
given by Kayabasi et al. [13] and Kayabasi [11] exhibit the same result.

The permeability value that was obtained from various discontinuity
analyses and rock mass classifications highlights both the potential
influence on the stability of the road section and its role in groundwater
flow and resource management in the study area. As it lies on the road
section, it indicates that their need for a targeted rock mass assessment
in road section maintenance, where high permeability may hamper the
road stability and safety as well as groundwater management strategies.

6. Conclusions

This study emphasizes discontinuity analysis, rock mass classification,
and permeability assessments, which provide essential insights into both
geological characteristics and potential engineering applications. The
Rock Mass Rating (RMR) ranges from 51.75% to 77.50%, classifying the
Chandragiri Limestone as a fair to good rock type. The younger
stratigraphic segment has a significantly greater RMR value than the
older portions. The GSI* based on two parameters of RMR ie. RQD and
joint condition, ranges from 42.53-73.85 indicating poor to high rock
quality. The GSI based on SR and SCR ranges from 33-55, indicating fair
to very good rock surface condition with blocky disturbed structure.
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The RMR, GSI, and GSI* when correlated with one another exhibit a
moderate to strong positive correlation. Joint condition plays a major
role in both RMR and GSI’s ratings.

The rock mass permeability of the Chandragiri Limestone displays a
wide variation from slightly permeable to highly permeable depending
on the method used for the calculations. It helps to understand the rock
mass. This high permeability indicates the presence of fractures and
voids, affecting stability and quality, and impacting both groundwater
flow and infrastructure resilience in the area. This inconsistency in
permeability value may impact the infrastructure design, construction,
maintenance, and road safety. It also makes an implication for
understanding and managing groundwater flow.

At last, this study underscores the inevitability of detailed geological
assessments for better and more durable road sections and groundwater
planning. The methodologies used, help for preliminary investigations
and provide a foundation for further studies and practical applications
in similar geological environments.
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