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Abstract: The Siddhartha Highway is a critical economic artery in Nepal, providing a vital trade link with China and India. However, this roadway
has been beset by the frequent occurrence of rock falls and dry landslides, which can cause severe damage and disruption. The main causes of these
issues are differential weathering patterns of the rocks, activation of the Main Frontal Thrust, and a young mountain chain with fragile geology.
Because of road instability, the road tunnel has been proposed to prevent damage. The proposed tunnel road passes between the chainage of 29+000
and 30+370 in the rocks of the Lower and Middle Siwaliks. The Lower Siwaliks are composed of thick to thin-bedded shale, mudstone, and
calcareous sandstone, whereas the Middle Siwaliks are represented by presence of fiiable sandstone, shale, and mudstone. The rock mass of
this section varies from poor rock to extremely poor rock with Rock Mass Rating (RMR) values ranging from 29 to 45 and Q-values ranging
from 0.19 to 1.11. The support system for each class is derived according to RMR and Q-value. The kinematic analysis reveals the potential

of wedge failure at the southern portal of the road tunnel, whereas the northern portal has shown a low potential for failure.
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1. Introduction

Nepal’s rugged topography presents significant challenges for
roadway infrastructure, particularly in hilly and mountainous regions,
where rock fall and landslides are major issues in wet and dry
seasons. Each year, Nepal experiences hundreds of devastating
landslides and roadside slope collapses that cause tremendous loss of
lifte and property, and recent analyses show road transport
investment in Nepal is strongly linked with local economic growth
and increased market access [1, 2]. To mitigate these challenges, the
most effective solution is an efficient road network, supported by the
construction of tunnels. According to Sharma et al. [3], establishing
an effective road network will facilitate connectivity between various
regions of the country and commercial centers, thus playing a
significant role in promoting economic and social progress. The
study focuses on an engineering geological study of the proposed
road tunnel in Siddhababa along the Siddhartha Highway area.

North of Butwal city is situated in the Siwaliks and separated by
the active thrust of the Himalayan Frontal Thrust. The Siwaliks are
comprised of mudstone and sandstone. Because of fragile geology,
the occurrence of differential weathering in rocks is the most critical
factor for assessing the stability of road alignment. This section of the
Siddhartha Highway between chainages of 29+000 and 29+370 is
influenced by active rock fall zone. Generally, plane failures are
seen in bedrocks compared to the wedge failure resulting from a
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south-west facing joint set. Additionally, the Siddhababa section
of the Siddhartha Highway is highly susceptible to landslides and
rockfall due to weak, alternating sandstone-mudstone beds,
intense weathering, and active slope instability processes [4].

Bokati et al. [5] simulated rock fall along the highway between
the Chidiya Khola and Dobhan (28+4+200-32+600) in six different
profiles using GeoRock 2D software, which identified this as a
critical site for rock fall hazards along the highway.

The study area lies between the Chidiya Khola and Dobhan,
294000 to 304370 Palpa district, west-central Nepal. This section
falls in Siwalik Range. The study area lies about 1 km north from
Butwal and 269 km from west of Kathmandu (Figure 1).
Geologically, the area lies in Siwalik Range covering the rocks of
the Lower and Middle Siwaliks and extends from 27°42°43.2’N
to 27°44°31”°N latitudes and 83°27°7°” to 83°29°27"’ E longitudes.

Therefore, the objectives of this study are to determine the rock
mass characteristics of the study area that will host the road tunnel
section and pre-existing road section of the Siddhartha Highway
between the chainage 29+000 to 30+370, establish a reliable
support system, and assess the stabilities of rock slopes.

2. Materials and Methodology

Route map as well as engineering geological map along the road
section with detailed columnar section of the bedrocks exposed along
the road has been prepared in scale of 1:1000 scale. Discontinuities
are measured to calculate Rock Mass Rating (RMR) and Q-value for
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Figure 1
Location map of the study area
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determination of the rock support for tunnel in the field, the
parameters that are needed for the study.

The RMR developed by Bieniawski is the classification
system based on six different parameters of rock. It assesses
various parameters that include the compressive strength of
intact rock material, the Rock Quality Designation (RQD), the

02
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spacing and condition of discontinuities, the groundwater
conditions, and the orientation of discontinuities. The rating of
each of these parameters is summarized in a numerical value to
calculate RMR [6].

Originally developed by the Norwegian Geotechnical Institute,
the Q-system for rock mass classification consisted of around 200
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Table 1
Rock mass classification based on Q-value and RMR value

Descriptions Range of Q-values Range of RMR values
Rock class Quality descriptions Minimum Maximum Minimum Maximum
Class 1 Very good to excellent 100 1000 85 100
Class II Good 10 100 65 85
Class III Fair to good 4 10 56 65
Class IV Poor 1 4 44 56
Class V Very poor 0.1 1 35 44
Class VI Extremely poor 0.01 0.1 20 35
Class VII Exceptionally poor 0.001 0.01 5 20

tunnel case histories, primarily from Scandinavia [7]. This system is
a numerical assessment of the quality of the rock mass, consisting of
six parameters, used to estimate tunnel support. Grouped into three
quotients are the six parameters: RQD, number of joint sets (Jn),
roughness of the most unfavorable joint or discontinuity (Jr),
degree of alteration or filling along the weakest joint (Ja), water
inflow (Jw), and stress condition given as the stress reduction
factor (SRF). This grouping provides an overall assessment.

_RQD
Q= Jn X]a

Jw

* SRF W

The classification system of rock mass based on RMR [8] and Q-value

[7] is classified in rock mass class on the basis of Q-value and RMR
value which is tabulated in Table 1.

The first introduced rock slope kinematic analysis was performed

without the consideration of shear strength and resistance in the Rock

slope stability principles, including structural failure modes, are
discussed in [9, 10]. Different types of failures such as wedge
failure and plane failure are determined with the help of kinematic
analysis. Updated definitions and analytical criteria for wedge,
planar, and toppling failures, as well as more complex structural-
controlled mechanisms, are provided by Gerstner et al. [11].

The Q-system chart mentioned in Figure 2 is used to develop the
support system based on Q-value. Similarly, rock classification and
support system designed by Bieniawski for RMR value are
mentioned in Table 2.

Various computer software such as GIS, AutoCAD, and
Illustrator were used for mapping and preparing route maps. MS
Word was used for report writing, and MS Excel was used for
data calculation. Dips were used for slope stability analysis.

Data collected from the fieldwork are then organized and
analyzed. In this process, raw data were obtained and converted it
into information useful for decision-making.

Figure 2
The Q-system chart for rock support estimate, developed by the Norwegian Geotechnical Institute [12]
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3. Geology and Engineering Geology

Geological study of the Tinau Khola section has been conducted
[13]. The lithostratigraphy follows the revised Siwalik classification
presented by Rai and Yasoda [13] (Figure 3). The proposed road
tunnel has passed in the rocks of the Lower and Middle Siwaliks.
The Lower Siwaliks are composed of thick to thin-bedded shale,
mudstone, and sandstone, whereas the Middle Siwaliks are

represented by the presence of friable, pepper and salt appearance:
sandstone and gray shale. Differential weathering pattern is
generally observed in the rocks of shale and sandstone of the
Siwaliks [14, 15].

Engineering geological map (Figure 4) has been prepared based
on the distribution of rocks and soil, landslide, and hydrogeological
condition. A major dripping of water more than 5 ltr/sec is present
with some minor dripping. Four landslides are identified along the

Table 2
RMR classification guide for excavation and support in rock road tunnels [8]

Rock mass quality ~ Rock support

description (RS) class Assigned tunnel rock support

Fair—good RS III 25 mm dia., 3 m long systematic grouted rock bolts, at a spacing of 1.5 m X 1.5 m and 15 cm
thick steel fiber shotcrete

Poor RS IV 25 mm dia. 3 m long systematic grouted rock bolts at a spacing of 1.3 m X 1.5 m and 20 cm thick
steel fiber shotcrete. Advance pre-injection grouting to control water inflow into the tunnel.

Very—poor RSV 25 mm dia. 3 m long systematic grouted rock bolts at a spacing of 1.3 m X 1.3 m and 15 cm thick
steel fiber shotcrete.

Extremely—poor RS VI 25 mm dia. 3 m long systematic grouted rock bolts at a spacing of 1.2 m X 1.2 m and 20 cm thick
steel fiber shotcrete. Steel ribs at a spacing of 1 meter to control plastic deformation. Advance
pre-injection grouting is provisioned to control water inflow into the tunnel.

Exceptionally—poor RS VII 25 mm dia., 3 m long systematic grouted rock bolts at a spacing of 1.1 m X 1.1 m and 20 cm

thick steel fiber shotcrete. Steel ribs at a spacing of 1 meter to control plastic deformation.

Figure 3
Geological map of the study area modified after [13]
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Figure 4
Engineering geological map of the study area

83°28'30"E
1

83°30'0"E
1

%) / 720 :
\ i ° i

27°45'0"N
1

130

/\I L S L % ’
/ = \ S/ B
_Nuwakot L=

27°43'30"N

_Kadarﬁb\as B—

N

A

Legend
® Elevation
= Village
I Attitude -
---- Foot trail

27°45'0"N

=== Road

stream
— Landslide
Central Churiya Thrust

’ River

Lithology

Alluvium
Colluvium
Residual Soil
-~ Mudstone

s Sandstone

Mudstone>Sandstone

Sandstone>Mudstone -

Conglomerate

27°43'30"N

. I kM

T
83°28'30"E

road section. The study area lies in high rock fall risk zone, and
wedge failure and plane failure seem common in particular
sections of this area. Interbedding of sandstone and mudstone has
shown the differential weathering pattern which is a major reason
of rock fall in this area.

4. Results

The study area is located in Palpa district along the Siddhartha
Highway in between the chainage 29+000 to 30+370. Throughout
the road tunnel alignment, sandstone and mudstone of the Lower
Siwaliks and Middle Siwaliks constitute the main lithology which
is shown in Route Map (Figure 5). The rocks exposed are jointed
and moderately weathered. Three set of major joints with random
joints were revealed at the study area. Based on the results of
empirical classification based on RMR and Q-system, the rock
exhibited poor rock to extremely poor rock (Table 3).

The proposed support system for the road tunnel alignment
according to Q-system is rockbolt of 2 m length and 20 mm
diameter placed with spacing of 1.6%1.6 c/c to 1.4*1.4 cc with
shotcrete of 50 to 100 mm along crown and wall irrespective of

T
83°30'0"E

their rock class. The support system according to RMR
classification is rock bolt of 3 m length with 20 mm diameter
placed within the spacing of 1 to 2 m with shotcrete of 50 to 150
mm according to their rock class.

Figure 6 shows the distribution of the rock mass along the
tunnel road section with description of the support system
(Table 4).

The support system based on RMR shows that 67 m of tunnel
road needs 25 mm diameter 3 m long systematic grouted rock bolts at
a spacing of 1.3 m X 1.5 m and 20 cm thick steel fiber shotcrete.
685 m of tunnel road needs 25 mm diameter 3 m long systematic
grouted rock bolts at a spacing of 1.3 m X 1.3 m and 15 cm thick
steel fiber shotcrete. And 385 m of tunnel road needs 25 mm
diameter 3 m long systematic grouted rock bolts at a spacing of
1.2 m X 1.2 m and 20 cm thick steel fiber shotcrete. Steel ribs at a
spacing of 1 meter for controlling plastic deformation. Advance
pre-injection grouting is required to control water flow in the tunnel.

The planes and wedges formed by the planes were then
analyzed with respect to the internal friction angle has been
adopted as 30° for the stability calculation. Slope condition is
analyzed using the observed bedding plane attitudes and their
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Figure 5
Route map of the study area

—>Z

Seepage
Bedding
Joint
Stream

Road

Gabion wall

Colluvium

Sandstone

9
L
5\
=
—
Mudstone

Scale

100 200

Proposed Southern Portal

conditions at different locations. All the above-mentioned analyses  analysis indicated the potential of wedge failure at the southern
were done using Geotechnical Software Dip 6.0. The slope  portal of road tunnel whereas toward the northern portal with
stability condition along the tunnel alignment seems to be more or ~ abundance of sandstone has low potential failure. Beyond the
less same. The dip direction and of the bedding plane ranges from  southern portal area between the chainage 284800 to 29+090
000 to 026 and dip amount 20 to 45 degrees. The kinematic  along the road section, plane failure seems likely whereas the

07



Archives of Advanced Engineering Science \Vol. 00

Iss. 00 2024

‘ 2
oo E
[ 3 .
+ +| & 2 o~
(%] “@ 1%}
SR A =28 S> X
! £
el s — >
=c|lg2 Bwz =z 3
TIl4 3 -5 2
oo Z
‘ ]
F + Sm"’ < >
S o S = = %]
A @ = =T > S > =9
I
(== >
LR E
T @ 3 >
o o| v = o hd <]
S A »n n JF > S > &~
: 8
il I.. 5. 3
ISIRSH R =5 > S > ~
I
O I 2 >
= = = © “@ 1%
IS RS = T o > S > &~
| Q
o < s
g3 5
+ ¥+l 5 3 2 z
N =N \n 1%}
a a = = & > S > &~
‘ 8
L2 2 A %
g[8 Q %] = A > S > &~
g %
‘ =
=
|83 A 2
o NN A =
=l E h X >
= =N 7] = en ) %]
) a N ©n wn < > S > o
= I
Sloa >
2S5 =
T¥ e B = >
|l | @ = o = 1%}
<+ S |aa| @ ©n < > S > ~
=]
L = I
_—
a w o '_>:,
< S 33 g .
- = + + = = -
= = K= w) = o0 ba] 1%}
e |laa| za @A en > S > &
-
5 I
g2z z
SliiE = g 2
w | o o = o 3
2133d| = % A > S > &
]
Ell | o= _
. 2 ~
% |35 52535 > 3
gz & gs20~> < &
Z |&3 @
‘ 8
[=2'a} <
g3 .25 =
¥ ¥l e =7% 3 %
N 7] <+ = “@ 1%}
a8 | @« = o> S > ~
I
il B.- 8. 37
a N = T & > == o
| )
v o= =
ca S =
t Xl e B 2 7
A4 =235 <s» |2
<
| =
88| 252 £
2222, 3_ gl
Q| = T < > S > ~| e
=]
& 3
| 175] o =1
28l AE G
=
==
T3 & ] ~ > | g
S| & S o N 21BN
Q| = = &> S > ~| g
| o g
g2 g E
S =l = 3
Tilo 2 2 7| e
A = =&» > &[5
2
£
. £ 5 ,|2
8, = I
o o 8w @ 3
ol & E52g€48£7°|4
e 822723275,
S| Txx S35 x s 25
£l 8 s> 8 ° =28 ° &=
Ol & B2 Ok &%

08

northern part from the northern portal chainage from 30+200 to 30
+600 has potential toppling failure. Joint distribution along the
tunnel alignment is shown in Figure 7, and the representative
kinematic analysis for different location is shown in Figure 8.

5. Discussion

The results of this study have valuable insights into the geological
conditions and rock mass characteristics in the Lower and Middle
Siwaliks region of Nepal which is relatable to the youngest
mountain chain in the Himalaya belt that is extended from northeast
India through Nepal to northwest India and northern part of Pakistan
with abundance of mudstone and sandstone rock mass. The
geological diversity of the study area has significant challenges in
the construction of tunnel.

The study area covers part of the Arung Khola formation with the
lithology of Lower Siwaliks and Middle Siwaliks [13]. The rock of the
Arung Khola Formation is composed of alternating layer of sandstone
and mudstone. Generally, differential weathering pattern is seen in
these rock types, creating weak planes that can be sheared easily
due to overloading of sandstone bed on mudstone bed.

For the rock mass classification and support system, Q-system
[7, 16] and RMR system [6, 8] were used which has wide range of
application in rock mechanics; however, these system are highly
established worldwide for tunnel support, due to its continuous
update in terms of rock characterization and support system [17].

In context of Nepal, Q and RMR systems are extensively used
for the tunnel support, particularly in hydropower sector of Nepal
[18]. Similarly, this study uses these systems for rock mass
classification and support system.

The Q-value is calculated to be in range between 0.19 to 1.04
and 0.39 to 1.11 in the Lower Siwaliks and Middle Siwaliks,
respectively. The value shows that the Rock mass class falls under
rock mass class V and rock mass class IV. Class V represents
very poor rock, whereas class IV represents poor rock. The value
obtained from RMR is classified into extremely poor to poor rock.

Gerstner et al. [11] have described the condition for the failure
to occur according to which kinematic analysis in each section was
interpreted. Southern portal of road tunnel seems more vulnerable to
wedge failure, where the presence of mudstone is larger than
sandstone. The possibility of plane failure can be seen at the
beginning of the chainage and toward the ending of chainage, and
the possibility of occurrence of toppling along the joint is more
likely.

Similar studies carried out along the Siddhartha Highway have
also identified potential plane failure and wedge failure [4, 5, 19]
which confirms the consistency of such geological conditions
within the region.

Bhandari and Dhakal [20] found out highly fragile alternate bed
of sandstone and mudstone and performed kinematic analysis in the
Siwalik zone of Babai River catchment area, where they found
flexure toppling and wedge failure predominant. This study
suggests similar findings of alternation of sandstone and mudstone
with wedge failure most common; however, plane failure was
more common than flexure toppling failure.

Studies of [21] in the Lesser Himalaya of Central Nepal and [22]
in sub-Himalaya region along Muzzaffarabad-Nelum road found
poor to fair rocks which is consistent with the values observed in
our study. These findings highlight the challenging conditions for
rock tunneling in Himalayan range.

Dhang [23] in the geotechnical investment of Udhampur
railway tunnel in Jammu and Kashmir area found poor to very
poor (q-value ranging 0.05-2, and RMR 20-40) in the rock mass
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Figure 6
Rock mass profile along road tunnel alignment
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Joint distribution along tunnel alignment

N

of sub-Himalaya region which is in similar range to our study;
however, NATM approach was used for tunnel support designing
while our study uses Q-system and RMR system as it is suggested
of the best approach for preliminary support design [24].

This study provides crucial insights into the geological
conditions and rock mass behavior in the Lower and Middle
Siwaliks region, which have significant implications for tunnel
construction. The rock mass classification and kinematic analysis

| Symbol Feature |
© Pole Vectors |
Plot Mode | Pole Vectors
Vector Count | 60 (60 Entries)
Hemisphere | Lower
Projection | Equal Angle

underscore the challenges involved in tunneling projects in this
area. By comparing these results with other studies in the region,
we gain a broader understanding of the geological complexities
and can inform engineering decisions for future tunneling
endeavors in similar geological settings. Additionally, the findings
of this study contribute to the growing body of knowledge on
rock mechanics and engineering geology, benefiting readers
interested in geological studies and tunneling projects.
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Figure 8
Kinematic analysis in different chainage of road section

&)

A. Southern portal

@

C. Chainage at 28+410

6. Conclusions

Throughout the road tunnel alignment, sandstone and mudstone
of the Lower Siwaliks and Middle Siwaliks constitute the main
lithology. The rocks exposed are jointed and moderately
weathered. Three major joints sets with random joints were
revealed at the study area. Based on the results of empirical
classification based on RMR and Q-system, the rock exhibits poor
rock to extremely poor rock. The RMR value ranges between 29
and 45 and Q-value ranges between 0.19 and 1.11. The kinematic
analysis indicated the potential of wedge failure at the southern

10

W

B. Northern portal

D. Chainage at 30 +430

portal of road tunnel whereas toward the northern portal with
abundance of sandstone has low potential failure.
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