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 Support design is the main goal of the Q and rock mass rating (RMR) systems. An 
assessment of the Q and RMR system application in tunnelling involving high-stress 
ground conditions shows that the first system is more appropriate due to the stress 
reduction factor. Recently, these two systems have been empirically modified for 
designing the excavation support pattern in jointed and highly stressed rock-mass 
conditions. This research work aims to highlight the significance of the numerical 
modelling, and numerically evaluate the empirically suggested support design for 
tunnelling in such an environment. A typical horse-shoe-shaped headrace tunnel at the 
Bunji hydropower project site is selected for this work. The borehole coring data reveal 
that amphibolite and Iskere Gneiss are the main rock mass units along the tunnel route. 
An evaluation of the proposed support based on the modified empirical systems 
indicate that the modified systems suggest heavy support compared to the original 
empirical systems. The intact and mass rock properties of the rock units are used as 
the input for numerical modelling. From numerical modelling, the axial stresses on 
rock bolts, thrust bending moment of shotcrete, and rock load from modified RMR 
and Q-systems are compared with the previous studies. The results obtained indicate 
that the support system designed based on modified version of the empirical systems 
produce better results in terms of tunnel stability in high-stress fractured rock mass 
conditions. 

Keywords 
High in-situ stresses 
Tunnel support 
Jointed rock mass 
Numerical modelling 
Empirical methods 

1. Introduction 

In Pakistan, the design and construction activities 
along with the policies in the hydropower sector 
show the government's seriousness to increase the 
hydropower generation capacity in the country [1]. 
The northern area of the country is a feasible 
position for constructing the hydropower projects. 
Sub-surface excavation is a major component of 
nearly all hydropower projects in the region due to 
the existence of Himalaya. In Himalayas, the 
construction of the underground project is always a 
challenging task, both technically and financially. 
The region is tectonically active, geologically 

young, and also affected by geological structures of 
varying extents [2]. During underground 
construction, the geological factors (rock mass 
properties, groundwater inflow, and virgin stress 
settings) disturb the stability of the excavation [3-
5]. Due to deep excavation practice, the problems 
like groundwater inflow, rock bursting, and 
squeezing are faced in almost every project [6]. 
The complexities associated with the Himalayas 
make the in-situ environment more challenging for 
tunnel using tunnel boring machines (TBMs) [2]. 
Despite these challenges, several tunnels have been 
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completed in the last decade in the region. From 
these completed projects, considerable experiences 
were gained and replicated in the form of research 
works. These research activities explored and 
evaluated the critical role of rock mechanics in the 
underground structures construction and design. 
During and after the completion of these projects, 
the tunnel face mapping, characterization, and the 
supports pattern are used for the extension of the 
RMR and Q-systems for the relevant ground [7, 8]. 

Analysis of the in-situ stress magnitude and 
orientation, rock mass quality, project-related 
features, and boundary conditions are vital for 
tunnel support design and stabilization [4, 5]. In 
this context, the tunnel excavation methods, 
excavation sequencing patterns, and corresponding 
support are based on the complex relations between 
project cost, safety, and schedule [9]. Precise 
characterization of rock mass defines the 
excavation behavior, whereas classification of rock 
mass predicts the construction cost and safety 
assessment in tunneling. Empirical classification 
systems are established on characterization and 
developed and updated for defining rock mass 
quality, and used with underground excavation 
span to determine the preliminary support [10].  

Tunnel support design and stability evaluation is 
the main concern during their design and 
construction. Empirical systems like RMR, GSI 
(Geological Strength Index), and Q systems [11-15] 
are used internationally for the determination of 
rock quality and the design of tunnel support 
pattern. Recently, the applications of the two 
systems (Q and RMR) have been empirically 
extended to tunnelling in highly stressed fractured 
rock situations [8, 16, 17]. Although the empirical 
systems are modified to these conditions for the 
classification of rock mass and tunnel support 
pattern determination, these systems cannot 
provide details about the support performance, 
stress rearrangement, and rock load determination 
under different circumstances.  

Tunnel modelling in a realistic and precise way 
to increase the confidence related with rock mass 
characterization and replicate its intrinsic spatial 
heterogeneities and variabilities [18]. During this 
modelling, different modelling techniques like 
precedent type analysis, experimental testing, 
analytical methods, empirical classification, basic 
and extended numerical modelling, and basic and 
integrated system approaches are used. In 
engineering application, the researchers use at least 
two different approaches for project assessment 
[19-22]. Numerical modelling such as DEM 

(discrete element method), FEM (finite element 
method), and FDM (finite difference method) 
along with BEM (boundary element method) have 
been used widely in geo-technical projects design 
and construction [23, 24]. In tunnelling, these 
modelling packages are used not only in 
conventional excavation but also appropriate for 
suitable reinforcement strategies during TBM 
tunnelling [25]. Ali et al. [26] have used FEM 3D 
modelling for topography induced stress and its 
influence on tunnel excavation in hard rocks. 
Nikadat and Marji [27], [28]  and Manouchehrian, 
Marji et al. [23] have used BEM and FEM for the 
stress distribution and displacement analysis 
around the tunnel. Lee et al. [29] and Rehman et al. 
[30] have used FDM analysis to evaluate rock load 
and tunnel excavation sequence for stability 
assessment. 

In this work, the rock mass along the headrace 
tunnels of the 7100 MW Bunji Hydropower Project 
(BHP) is characterized and classified based on the 
modified versions of RMR and Q from the previous 
studies. The tunnel support of a typical horse shoe 
shaped was designed keeping in view the scope of 
modified versions of the classification systems. 
Rock mass characterization was carried out based 
on the exploration data conducted during the 
project's design stage. Field and laboratory test 
information was used, and rock mass properties 
were determined using the Hoek-Brown failure 
criterion [31]. These information were further used 
as the input data in FLAC 2D for numerical 
modelling. Excavation sequence and supports are 
derived using empirical systems and used in 
modelling. Through numerical modelling, tunnel 
stability was evaluated and compared in terms of 
axial stress on rock bolts, shotcrete stability, and 
rock load.  

2. Project Description and Geology 

The proposed BHP is situated in the Gilgit-
Baltistan region of Pakistan (shown in Figure 1) 
[32]. In Pakistan, the project is the largest 
hydroelectric project in terms of designed capacity 
(7100 MW). The dam site of the project is about 12 
km upstream of Sassi, a nearby town, and about 60 
km SE of the Gilgit city. The powerhouse is located 
some 5 km downstream of the confluence of the 
Indus and Gilgit Rivers and about 43 km 
downstream of the proposed dam site. The 
powerhouse area is near the junction point of the 
three mountain ranges, Himalaya, Hindukush, and 
Karakoram. At this location, the Indus River flows 
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around the Sarkund Ridge, which provides a high 
potential head for power generation over a short, 
direct distance.  

The project exploration reports reveal that the 
11.6 m span and 8-km long headrace tunnels (5 

No.s) will be excavated in the fractured rock under 
high in-situ stresses. These tunnels will convey the 
1,900m³/s of design discharge to the powerhouse.  

 
Figure 1. Location of project in Pakistan. 

The sub-continent has been surrounded by the 
Himalayas and the Indian Ocean, the most 
distinctive geographical structures, and has a 
common source. They are produced via 
geodynamic processes including the opening of the 
Indian Ocean and sea-floor spreading. Due to the 
forces from geodynamics, the Indian Plate collided 
with the Eurasian Plate, and as a result, shaped the 
Himalayas and nearby ranges. This part of the 
world is, therefore, tectonically active due to plates 
(Eurasian and Indian) collision.  The BHP lies near 
the boundary of the Eurasian and Indian Plates. 

In the Himalayas, microplates and the main 
lithospheric plates are under movement; 
subsequently, the height of the Himalayas 
increases with time. From these movements, the 
geography is divided into litho-tectonic parts in 
terms of compressional and extensional faulting 
[33] including Lesser, Tethyan, and Higher 
Humalayas along with Trans-Himalaya, Sub-
Himalaya, and major bounding faults [34]. Strike-
slip faulting is also the main activity within the 
collision zone periphery. The Main Mantle Thrust 
(MMT) is a major fault passing through the project 
area.  

3. Field and laboratory studies 

In this work, four types of surface and sub-
surface investigation methods have been used to 
explore further the geology and geomorphology of 
the project area including surface geological 
mapping, boreholes, exploratory adits, and 
scanning of the boreholes by borehole camera. The 
different rock units identified in the project area 
include Iskere Gneisses, Shengus Gneisses, Kamila 
Amphibolites, Kohistan Batholiths, and Superficial 
Deposits. The superficial deposits cover the valley 
slopes of the Indus River and its tributaries. They 
consist mainly of moraine deposits, glaciofluvial 
deposits, talus cone/scree and landslide materials. 
The Iskere Gneiss and Amphibolite are the major 
geological units along the headrace tunnels route. 
Through geological mapping along the Headrace 
tunnels alignment, the tunnels pass through Iskere 
Gneisses towards the Intake area and amphibolite 
towards the Powerhouse area. 

The bedrock information from the borehole at the 
Intake area has been considered in the assessment 
of the conditions at the dam site. Similarly, the 
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information from the boreholes at the Surge shaft 
has been considered in the assessment of the 
conditions at the Powerhouse. In terms of assessing 
the ground conditions along HRT, it is considered 
that the ground conditions at the Powerhouse can 
be assumed for the section of tunnel within the 
Kamila Amphibolite. Similarly, in assessing the 
ground conditions along HRT, it is considered that 
the ground condition at the dam site can be 
assumed for the section of the tunnel within the 
Iskere Gneisses. The two rock units are separated 
by the main mantle thrust (MMT) fault zone. Rock 
mass properties, groundwater conditions, and in-
situ stress conditions have not been confirmed at 
the headrace tunnel elevation. Further, this work is 
limited to the two major rock units along the 
headrace tunnel and does not cover the shear zone 
of MMT. 

The Iskere gneisses are comprised of quartz, 
feldspar, and biotite. Biotite commonly occurs in 
the form of banding, with a thickness of 50 to 200 
mm. Mylonisation such as augen gneiss are very 
common in the gneisses. Generally, the rocks are 
slightly to highly jointed, locally massive, and 
slightly to moderately weathered. The main joint 
set is the foliation joints, and most joints including 
other tectonic origins have been re-cemented with 
secondary minerals such as calcite and quartzite. 
The borehole logs indicate that there are three 
typical discontinuity sets that are typically rough, 
planar or undulating with an aperture usually less 
than 1mm and with an infilling of calcite. The 
discontinuity characteristics are shown in Table 1. 
Discontinuity D1 and D2 are common sets of 
discontinuities; however, they are either 
augmented with D3 or D4 at the dam site.  

Table 1. Discontinuity characteristics at dam and 
power house. 

Set number Dip (o) Dip direction (o) 
D1 44 220 
D2 75 251 
D3 56 350 
D4 54 110 
P1 70 250 
P2 30 074 
P3 70 160 
P4 65 335 

 
The amphibolite rocks are fine-grained and very 

micaceous, with quartz veins at places. These rocks 
are generally slightly weathered and slightly to 
moderately fractured at outcrop but are very hard. 
At the powerhouse area, the analysis of the 
orientation of discontinuity sets P1, P2, and P3/P4 
indicate that they comprise a system of mutually 
orthogonal joints, and therefore, should lead to a 
blocky rock mass. These discontinuities are mostly 
undulating or stepped rough, although there is a 
significant number described as planar rough. The 
majority of discontinuities at outcrop are described 
as having an aperture less than 1mm and infilled 
with swelling clay. The investigations show P1 and 
P2 almost everywhere, but at some location, P3 and 
P4, are also available.  

Along with the field investigation, a 
comprehensive laboratory testing programme has 
been undertaken. Based on the laboratory tests 
results, the physical and geomechanical properties 
of the Iskere Gneisses and Amphibolite are given 
in Table 2. These results are based on the reports of 
the pre-feasibility, feasibility and detail design 
stage. The average test results are used in this study.  

Table 2. Rock test results of Iskere Gneisses and Amphibolite rock units. 

Type of tests Iskere Gneiss Kamila Amphibolite 
No.s of tests Min. Max Mean Average Nos of tests Min. Max Mean Average 

Density 
(Mg/m3) 644 2.12 3.06 2.73 2.74 256 2.12 3.36 2.84 2.82 

UCS (MPa) 404 8 201 49 50.7 132 13.2 125.8 56.5 61 
Point load 

index (MPa) 2189 0.09 35.44 3.61 3.91 394 0.48 13.42 4.12 4.50 

BTS (MPa) 95 1.89 16.72 8.89 8.62 27 3.5 12.9 9.02 8.56 
E (GPa) 238 4.02 109 16.5 20.81 75 2.4 95 24.8 27.4 

Poison’s ratio 238 0.012 0.78 0.123 0.173 75 0.018 0.593 0.11 0.179 
 

3.1. Rock mass classification systems and tunnel 
support  
3.1.1. RMR 

The RMR system was developed in 1973 from 
the experience of tunnel projects, and refined over 

the years as the tunnelling data pool enriched [10, 
35]. The six-parameter RMR89 is still used in the 
field, although the eight parameter RMR14 version 
was proposed with a modified rating structure [13], 
as given by Equation 1. 
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14 0( )   b s eRMR RMR F F F  (1) 

where RMRb is basic RMR, F0 is the joint 
orientation parameter, Fs parameter predicts the 
stress-strain behavior at excavation faces, and Fe is 
the parameter related to the excavation method. 

Though the RMR system is improved massively 
in terms of characterization, its application in high-
stress environments remains its limitation in deep 
tunnel design [36]. Through hypothesis, stress 
adjustment factors are recommended in 2019 for 

RMR89 and RMR14 to extend their application to 
stress environments [8], as given by Equations 2 
and 3. 

19 89 stress-89RMR =RMR +F  (2) 

19 14 stress-14RMR =RMR +F  (3) 

where Fstress-89 and Fstress-14 are the stress 
adjustment factors for RMR89 and RMR14, 
respectively. The rating of these parameters, based 
on the strength-stress ratio, is given in Table 3. 

Table 3. Stress adjustment factors for two versions of RMR. 

Stress adjustment factor 
Values of σc/σ1 

5-4 4-3 3-2 

Fstress-89 -5 -10 -15 
Fstress-14 -22.326 -27.169 -32.012 

 

3.1.2. Q-system 

1n 1974, the tunneling data-based Q system was 
presented for rock mass classification and tunnel 
support design and refined with time [11, 14], 
which can be determined from Equations 4 and 5. 
In the rock-mass properties, the role of intact rock 
UCS (uniaxial compressive strength) is significant. 
Thus a normalization factor is applied to Equation 
4 for a modified Qc: 

. . wr

n a

JJRQDQ
J J SRF

           
    

 (4) 

. . .
100

w cr
c

n a

JJRQDQ
J J SRF

               
      

 (5) 

where RQD is rock quality designation, Jn 
symbolizes the rating of the number of joint sets, Jr 
is the rating for the joint surface roughness, Ja 
denotes the rating for the degree of alteration or 
clay filling joint set, Jw denotes the ratings for 
groundwater inflow and pressure effects, and the 
stress reduction factor (SRF) is the rating for 
faulting, strength– stress ratios in hard rocks, and 
squeezing or swelling. To adopt this tunnelling 
data-based Q-system in the mining sector of South 
Africa, Equation 6 was suggested for the SRF 
characterization [37]: 

1.322 1.413
0.3460.244 0.176 


          

  
c

c

HSRF K
H

 (6) 

In Equation 6, H is the overburden height in m 
and K is the stress ratio. Taking the average density 
of Iskere Gneiss and Kamila Amphibolite (Table 
2), Equation 6 can be re-written as 7 and 8, 
respectively. 

0.346 1.322 1.413

1

3 1 1

29.1 0.00106 
  


     

         
    

c cSRF  (7) 

0.346 1.322 1.413

1

3 1 1

28.0 0.0011 
  


     

         
    

c cSRF  (8) 

To characterize SRF for the Australian mining 
field, Equation (9) was proposed [38]. 

0.3 1.2

1

3 1

31 
 


   

     
  

cSRF  (9) 

From tunnel face characterization, installed 
support, and support chart of Q-system, new 
empirical equations (Equations 10 and 11) were 
empirically derived for SRF characterization in 
fractured rock mass under a high-stress 
environment [8, 17]. These two equations are based 
on the same data but give different weightage to 
rock bolt and shotcrete in the support during the 
back calculation. 
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c

n 1

σRQDSRF=2.0exp 0.21  +12.0exp -α
J σ

   
    

   
 (10) 

c

n 1

σRQDSRF=2.054exp 0.205 +14.865exp -0.41
J σ

   
   
   

 (11) 

 
In Equation 10, the rating of constant α depends 

on the strength-stress ratio. From the exploration 
reports of the BHP, the two rock units were 
characterized and classified. RMR89, RMR14, and 
RMR19 were determined, and the details are shown 
in Tables 4 and 5. According to Table 4, the RMR89 

values are 60.86 and 63.1 for Iskere Gneiss and 
Amphibolite rock units, respectively. With the 
application of the stress adjustment factor 
according to Table 3 guidelines, the RMR19 values 
are 55.86 and 53.1 for the two rock units, 
respectively.  

Table 4. Characterization and classification of two rock units, based on RMR89 and RMR19. 

Classification parameters Value (rating) 
Amphibolite Iskere Gneiss 

UCS (Mpa) 61 (6.2) 50.7 (5.36) 
RQD (%) 90 (18.2) 85 (17.26) 
Spacing (m) 0.85 (14.7) 0.4 (11.24) 

D
is

co
nt

in
ui

tie
s 

co
nd

iti
on

 Persistence (m) 3–10 (2) 3–10 (2) 
Aperture (mm) 1 (4) 1 (4) 
Weathering Slightly (5) No weathering (6) 
Roughness Stepped rough and undulating rough (6) Undulating rough (6) 
Infilling Soft (2) Calcite (4) 

Groundwater conditions Dry (15) Dry (15) 
RMRb 73.1 70.86 
Discontinuities orientation -10 -10 
RMR89 63.1 60.86 
Strength stress ratio 3.5 (-10) 4.5 (-5) 
RMR19  53.1 55.86 

 
According to Table 5, the RMR14 values are 

72.88 and 78.04 for Iskere Gneiss and Amphibolite 
rock units, respectively. With the application of the 
stress adjustment factor according to Table 3 
guidelines, the RMR19 values are 50.55 and 50.88 
for the two rock units, respectively. In Table 5, ICE 
is Índice de Comportamiento Elástico 
(Spanish), and defines the elastic behaviour 
index [39].  

SRF was characterized using the previous 
Equations 6-11 for the two rock units, and the 
corresponding Q-values were calculated. The rock 

mass qualities, using the different SRF 
characterization, for Amphibolite and Iskere 
Gneiss are summarized in Table 6. Equations 7 and 
8, which are the extensions of Equation 6, give 4 
and 5.35 SRF values and the corresponding 7.08 
and 5.61 Q-values for the Iskere Gneiss and 
Amphibolite rock units respectively. According to 
Equation 9, the SRF values are 5.1 and 6.9, and the 
corresponding Q values are 5.56 and 4.35 for the 
two rock units, respectively. According to 
Equations 10 and 11, the SRF values are 16.57 and 
19.49 for the two rock units, and the corresponding 
Q values are 1.71 and 1.54, respectively.  
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Table 5. Characterization and classification of two rock units based on RMR14 and RMR19. 

Classification parameters Value (rating) 
Amphibolite Iskere Gneiss 

Joints per meter 3.5 (29.3) 7.5 (24.4) 
UCS (Mpa) 61 (6.2) 50.7 (5.36) 

Discontinuities 
condition 

Infilling Soft (2) Calcite (5) 
Weathering Slightly (5) No weathering (5) 
Persistence (m) 3-10 (2) 3-10 (2) 
Roughness Stepped rough and undulating rough (5) Undulating rough (5) 

Groundwater conditions Dry (15) Dry (15) 
Alterability > 85% (10) > 85% (10) 
RMRb 74.5 71.76 

Adjustment 
factor 

F0 -10 -10 
Fe 1 1 
ICE 38.54 43.77 
Fs 1.21 1.18 

RMR14 78.045 72.88 
Strength stress ratio 3.5 (-27.169) 4.5 (-22.326) 
RMR19 50.88 50.55 

Table 6. Characterization and classification of two rock units based on Q-system, considering SRF calculation 
using different. 

 
Considering the rock mass quality (Tables 4–6), 

tunnel supports were determined from the support 
charts and Equations [40, 41], as explained in Table 
7. The SRF values were determined from 
Equations 10 and 11 and the corresponding 
determined Q values along with RMR19 suggest 
heavy supports in terms of rock bolts and shotcrete. 
In summary, the modified versions of RMR and Q-
systems (RMR19 and Equations 10 and 11 based Q 
system) suggest 4 m rock bolts with 1.7-1.8 m 
spacing and 9 to 10 cm thick shotcrete. The 
remaining versions of the RMR and Q system 
(previous studies) suggest 3-4 m rock bolts with 2.2 
m spacing and an average of 6 cm thick shotcrete.  

3.2. Numerical Modelling 
FLAC is a suited geotechnical modelling 

program for sequential excavation. The 7.0 explicit 

version 2D finite difference FLAC program is used 
in this work. The construction sequence of the 
headrace tunnel is divided into two major 
excavation stages (as shown in Figure 2): 

1. Top-heading excavation  

2. Bench excavation  

Each excavation stage is accomplished in three 
construction steps: 

1. Initial excavation 

2. Spraying of soft shotcrete and installation 
of rockbolt support 

3. Shotcrete hardening  

Classification parameters Value (Rating) 
Amphibolite Iskere Gneiss 

RQD (%) 90% (90) 85% (85) 
Joint alteration number (Jr) Rough, undulating (3) Rough, undulating (3) 
Joint alteration number (Ja) Unaltered, surface staining only (1) Unaltered, surface staining only (1) 
Joint set number (Jn) 3 joints sets (9) 3 joints sets (9) 
Joint water reduction factor ( Jw) Dry condition (1) Dry condition (1) 
Intact rock strength (σc) MPa 61 (61) 50.7 (50.7) 

SR
F Equations 6-8 5.35 (5.35) 4.0 (4) 

Equation 9 6.9 (6.9) 5.1 (5.1) 
Equations 10-11 19.49 (19.49) 16.57 (16.57) 

Q based on Equations 6-8 5.61 7.08 
Q based on Equation 9 4.35 5.56 
Q based on Equations 10-11 1.54 1.71 
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Table 7. Support comparison obtained from different versions of RMR and different SRF characterization 
equations. 

Classification system 
Iskere Gneiss  Amphibolite 

Shotcrete 
thickness (cm) 

Rock bolt spacing (m) 
and length (m) 

Shotcrete 
thickness (cm) 

Rock bolt spacing (m) 
and length (m) 

Original RMR89 8 2.1 and 3 7 2.2 and 3 
RMR14 5 2.5 and 3 3 2.7 and 3 

Modified for 
stress factor RMR19 10 1.8 and 4 10 1.8 and 4 

Based on 
Equation 6-8 

(original) 

Q 

5-6 2.2 and 3-4 5-6 2.2 and 3-4 

Based on 
Equation 9 
(original) 

5-6 2.2 and 3-4 6 2.1 and 3-4 

Based on 
Equation 10-11 

(modified) 
9 1.7-1.8 and 3-4 9 1.7-1.8 and 3-4 

 
The displacement and stress fields during tunnel 

construction change in the advancing direction and 
are most thoroughly analyzed via a three-
dimensional program. However, the excavation 
problems in the case of tunnels are frequently 
assessed in 2D modelling by ignoring 
displacements perpendicular to the cross-section of 
tunnel. Adequate distances were kept between the 
boundaries and tunnel periphery to avoid the 
boundary effect. The 80 m × 60 m model 
dimensions and modified Hoek-Brown model was 
used in the numerical model. In the tunnel vicinity, 
the fine mesh was applied to obtain better results. 
The modified Hoek-Brown model adopts a non-
linear relation between minor (σ3) and major 
principal (σ1) stresses. The model was fixed at all 
sides except at the top, where σyy (vertical stresses) 
were applied. Besides σyy, the gravity, and FISH 
function were used to create an in-situ stress 
environment. The model is brought to an initial 
force-equilibrium state under gravitational loading. 
The empirically suggested supports shown in Table 
7 are used in the models. The rockbolts and 
shotcrete are modelled and simulated via rockbolt 
elements and elastic liner elements, respectively. 
To limit the number of cases for numerical 
modelling, two sets of supports were used; i. 4 m 
rock bolts having 1.75 m spacing with 10 cm thick 
shotcrete, and ii. 3 m rock bolts having 2.2 m 

spacing and 6 cm thick shotcrete. The axial forces 
in the rockbolts and shotcrete are compared for the 
two support pattern at 100 percent relaxation.  

3.3. Intact rock and rock mass properties 

The adopted failure criterion (generalized Hoek-
Brown) [31] is a well-recognised method for 
measuring the mechanical properties of rock 
masses. The average intact rock properties of the 
two rock units were converted to the rock mass 
with the help of RocLab software, which is based 
on the aforementioned criteria, as displayed in 
Table 8. The typical GSI values have been derived 
from the results of the boreholes and the scanlines, 
both at dam and powerhouse sites. At the dam site, 
the GSI values range from 46 to 77 with an average 
value of 61. Similarly, at the powerhouse site, these 
values are from 50 to 79 with an average value of 
67. Comparing these GSI values with the RMR89 
and RMR14 values, the results show that the quality 
of Amphibolte rock is comparatively higher than 
Iskere Gneiss. As the core target of this work is to 
numerically assess empirically derived SRF 
characterization equation and RMR19, therefore, 
420 and 630 m overburden is used in this work for 
the Iskere Gneiss and Amphibolite rock units to 
create the 4.5 and 3.5 cases of σc/σ1 ratio.  
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a) Original tunnel support 

 
b) Modified tunnel support 

Figure 2. Two excavation stages (top heading (left) and bench (right)) with support pattern. 

Table 8. Rock mass properties for two rock units. 
Rock types GSI mi c (MPa) Ф (°) mb a s Sigt (MPa) Sigc (MPa) Erm (GPa) 

Iskere gneiss 61 28 2.265 49.59 6.954 0.503 0.0131 -0.096 5.742 11.294 
Amphibolite 67 26 3.447 48.74 8.0 0.502 0.0256 -0.195 9.692 18.466 
 
4. Results and Discussion 

The FLAC 2D model is solved for the Iskere 
gneiss and Amphibolite rock units, separately for 
the original and modified supports. The results 
from modelling are compared and evaluated in 
terms of axial forces (rock bolts), stability of liner, 
and stress variable (e). The bolts numbering is 
changed in the two cases due to the sequence in 
which these bolts are installed in the model. For 
liner stability, graphical capacity diagrams [42] are 
used. In tunnelling, the variation of σ1 and σ3 from 
the tunnel periphery is shown in Figure 3 [43]. σ3 
was gradually increased from zero with the 
distance from the tunnel boundary. On the other 
hand, σ1 was at its peak at periphery and gradually 
decreased with the distance. The “e” is defined in 
Equation 12 [44] as the ratio of the difference 
between σ1 (σmax) and σ3 (σmin) the to the σ1. In 
tunnelling, the rock load is defined as the area that 

starts from the peak principal stress around the 
tunnel periphery and ends at the point where the “e” 
is achieved as 10% [29, 44, 45]. Around the tunnel, 
radial (σr) and tangential stresses (σɵ) are the 
minimum (σmin) and maximum (σmax) principal 
stresses, respectively.  

max min

max
(%) 100e

 



   (12) 

As it can be perceived in Figure 4, bolts in the 
original tunnel supports are experiencing high axial 
stresses when compared with the modified tunnel 
support rock bolts. The highest axial stresses in the 
original tunnel support are 1.382E05 and 1.180E05 
for the amphibolite and Iskere Gneiss rock units, 
respectively (Figure 4a). These maximum stresses 
are 1.006E05 and 1.065E05, respectively, for the 
two rock units in case of modified tunnel support 
(Figure 4b). Relating the axial stresses, the bolts 
pattern in the amphibolite rock are relatively more 
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loaded than the Iskere Gneiss rock. Although the 
rock mass properties of amphibolite are superior 
than the Iskere Gneiss, however the in-situ stresses 

are higher in the case of amphibolite. The low axial 
stress in the modified tunnel support case reveals 
that rock bolts are much safer in this case. 

 
Figure 3. Variation of principal stresses around underground excavation. 

  
a) Original tunnel support 

  
b) Modified tunnel support 

Figure 4. Axial stresses on bolts in different rock units (Amphibolite (left) and Iskere Gneiss (right)). 

Capacity diagrams reveal the relations of thrust-
shear forces and thrust-bending moments and to 

evaluate the liner stability. Based on the proposed 
thickness of shotcrete, the induced axial thrust and 
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bending moment on a liner plotted together with 
the corresponding envelop of failure for the 
different factors of safety (FOS) of 1.5, 2.0, and 2.5, 
respectively, as shown in Figure 5. The plotted 
thrust-bending moment interaction diagrams are 
shown in the figure below for 6 and 10 cm thick 
shotcrete/liner. The utility command function of 
the model was used for the liner information. The 

thrust bending moment for the liner shows that for 
the original support, the main instability type was 
in compression for the original support and too 
many points show a FOS < 02. However, after the 
installation of modified support, only the corner 
nodes face a low factor of safety due to stress 
concentration in the corners and the majority of 
nodes show a FOS > 02.  

 
a) 6 cm thick shotcrete b). 10 cm thick shotcrete 

Figure 5. Thrust-Bending moment diagram of shotcrete/liner for different FOSs. 

The FISH functions were used to extract e 
contours for two rock units and two different 
supports. In the case of original support, the 
thickness of the rock load area is 3.7 m for both the 
amphibolite and Iskere Gneiss rock units. The e 
contour for the amphibolite rock unit with original 

support is shown in Figure 6. However, this 
thickness was reduced by 0.1 m with modified 
support. The role of support is to provide the 
confining stress and as a result, increase the radial 
stress. This increase in radial stress decreases the 
thickness of the rock load area. 

 
Figure 6. Rock load evaluation based on stress transfer effect. 
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5. Conclusions 

In this work, the modified versions of RMR and 
Q-system were adopted for the rock mass 
characterization along the typical horse-shoe-
shaped headrace tunnel of the Bunji hydropower 
project. The tunnel support pattern was determined 
from the field information and laboratory test 
results. The support pattern was obtained from the 
modified version, and the previous studies were 
analysed through finite difference modelling. The 
modelling results were compared in terms of axial 
stresses in rock bolts, liner stability through the 
capacity diagram, and rock load through the stress 
transfer effect. The following conclusions are 
obtained from this work:  

1. The latest version of the two systems considered 
heavier support in the two highly stressed jointed 
rock mass units along the headrace tunnel in term 
of shotcrete thickness and bolts.  

2. The modelling results in terms of axial forces on 
rock bolts revealed that bolts installed as per the 
latest version experienced a lower amount of 
stress. These stresses are 1.006E05 and 1.065E05, 
which are much lower than the axial stresses on 
the rock bolts, installed in the original tunnel 
support pattern.  

3. Evaluation of the shotcrete through the capacity 
diagram confirms a high safety factor in the 
modified support pattern. From the comparison, 
the majority of shotcrete elements show higher 
FOS (> 2) as compared to the original support.  

4. It is further verified that with the application of a 
modified support pattern, the thickness of the 
rock load area decreased by 0.1 m in the two rock 
units as compared to the original support pattern.  

Thus, it can be assumed that the tunnel support 
pattern suggested by the modified version of 
RMR and Q-systems are more appropriate for 
highly stressed jointed rock masses. 
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   چکیده:

با  ینزم یطکه شامل شرا یزندر تونل RMRو  Q یستمکاربرد س یابی) است. ارزRMRو توده سنگ ( Q يرتبه بند هايیستمس ینگهدارنده هدف اصل یطراح
در  يفارح ينگهدار یستمس يالگو یطراح يبرا یستمدو س ینا یراً،تر است. اخکاهش تنش مناسب یبضر یلاول به دل یستمکه س دهدیتنش باال است نشان م

 يالکو يعدد یابیو ارز ي،عدد يسازمدل یتبا هدف برجسته کردن اهم یقاتیکار تحق یناند. ااصالح شده یطور تجربو با تنش باال به يادرزه یتوده سنگ یطشرا
کار انتخاب  ینا يبرا Bunji یبرق آب روژهپ یتبه شکل نعل اسب در سا یتونل معمول یکاست.  یطیمح یندر چن یزنتونل يبرا یتجرب یشنهاديپ ينگهدار یستمس

 ينگهدار میستس یابیتونل هستند. ارز یرتوده سنگ در طول مس یاصل يواحدها یسگن یسکرهو ا یبولیتکه آمف دهدیگمانه نشان م یريگمغزه يهاشده است. داده
 یشنهادپ یاصل یتجرب هايیستمبا س یسهرا در مقا ینسنگ شدهاصالح ينگهدار هايیستمکه س دهدیشده نشان ماصالح یتجرب هايیستمبر اساس س شنهاديیپ
 هايیچپ يرو يمحور يهاتنش ي،عدد يسازاستفاده شد. از مدل يعدد يمدلساز يبرا ي. خواص توده سنگ بکر و وزن مخصوص سنگ به عنوان ورودکنندیم

که  دهدیآمده نشان مدستبه یجاند. نتاشده یسهمقا یبا مطالعات قبل شدهصالحا Qو  RMR هايیستمو بار سنگ از س یت،رانش شاتکر یسنگ، گشتاور خمش
شده با تنش توده سنگ شکسته یطتونل در شرا یداريرا از نظر پا يبهتر یجنتا یتجرب هايیستمشده از سنسخه اصالح یکبر اساس  شدهیطراح ينگهدار یستمس
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