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 The major factors affecting tunnel stability include the ground conditions, in-situ 
stresses, and project-related features. In this research work, critical strain, stress 
reduction factor (SRF), and capacity diagrams are used for tunnel stability analysis. 
For this purpose, eighteen tunnel sections are modelled using the FLAC2D software. 
The rock mass properties for the modelling are obtained using the RocLab software. 
The results obtained show that tunnel deformations in most cases are within the safety 
limit. Meanwhile, it is observed that the rock mass quality, tunnel size, and in-situ 
stresses contribute to the deformation. The resulting deformations also affect SRF. 
SRF depends on the in-situ stresses, rock mass quality, and excavation sequence. The 
capacity diagrams show that the liner experience stress-induced failures due to stress 
concentration at the tunnel corners. This study concludes that tunnel stability analysis 
must include an integrated approach that considers the rock quality, in-situ stress, 
excavation dimensions, and deformations. 
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1. Introduction 
Stable and economic excavation of underground 

structures is the primary concern during the design 
stage. For this purpose, various methods and tools 
are used during design and construction. For 
choosing an excavation method, the effects of size, 
shape, and in-situ stress level are considered. The 
excavation method and the factors mentioned 
above are mutually responsible for the ground 
behaviour [4]. Based on the ground response, 
different instability issues can occur. For tunnel 
stability analysis, strain-based [4] and stress-based 
[2], approaches are often used. These techniques 
help predict instability, excavation sequence, and 
support requirements [4, 1]. In short, the 

excavation scheme and tunnel support 
requirements are primarily responsible for the 
construction schedule, cost, and safety [9, 4]. 

Stress-induced instability is critical for tunnel 
construction and operation, not only during the 
design and construction stage but also in the service 
life [94, 4]. In deep tunnels, the excavation-induced 
tangential stresses (σɵ) are high and the radial 
stresses (σr) are negligible near the tunnel periphery, 
which result in tunnel failure. The variation of σɵ 
and σr from the tunnel periphery is shown in Figure 
1 [9]. σr was gradually increased from zero with the 
distance from the tunnel boundary. On the other 
hand, σɵ was at its peak at the periphery, and 
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gradually decreased with the distance. In the case 
of brittle rock, the stress-induced failure appears in 
the form of rockburst, and can pose unsafe 
conditions [10, 4, 3]. In the case of soft rock, it 
results in squeezing [11]. The overstressed support 
in such situations also causes support failure. 
Heavy and deformable rock support may be 
required in such stress-dominant failure cases [5, 1]. 

In rock engineering design, analytical, empirical, 
numerical, observational, and the combined system 
approach are used  . For tunnel stability analysis, 
the empirical techniques combined with numerical 
modelling are easy and economical at the design 
stage of the project. Also these techniques have 
received international acceptance, and can be 
adopted at any stage of the project. 

 
Figure 1. Variation in principal stresses around e 

underground excavation. 

Currently, several tunnel stability evaluation 
techniques like critical strain [4], stress variable [1], 
capacity diagram [5], and stress reduction factor 
(SRF) [2] are used along with numerical modelling. 
However, the researchers and field experts use an 
individual approach for a particular case study. 
From a review of the relevant literature, techniques 
that incorporate all the parameters in tunnel 
stability analysis are apparently less discussed. 
Therefore, this work attempts to conduct tunnel 
stability analysis by incorporating all the essential 
parameters. For this purpose, two tunnel projects, 
named Lawari road and Kohala hydropower 
projects, from Pakistan were numerically modelled 
based on their intact rock and rock mass data. For 
modelling, FLAC2D, an explicit two-dimensional 
finite-difference program, was used. This work is 
the continuation and extension of the previous 
research work and the numerical model used in the 
paper for the comparison of the two excavation 
sequences has been validated already . The 
numerical modelling results, along with the tunnel 
size, applied support, and intact rock strength were 

used for the stability evaluation. The capacity 
diagram, critical strain, and stress reduction factor 
approaches were the evaluation standards used in 
this work.   

2. Tunnel Stability Evaluation Techniques 
During tunnel design and construction, stress or 

strain is determined at the tunnel periphery. 
Therefore, tunnel stability assessment is often 
carried out using stress or strain-based techniques. 
Sometimes, the installed supports are sufficiently 
enough to stabilize the tunnel; however, the support 
reaches a critical situation under loading. In the 
following sections, stress-based, strain-based, and 
shotcrete stability evaluation techniques are 
discussed. 

2.1. Critical strain for tunnel deformation 

Tunnel convergence is the strain-based 
instability issue that arises during the excavation 
stage. To evaluate these issues, Sakuri [4] has 
extended the definition of critical strain to 
tunnelling, and diagrammatically correlated the 
rock mass strength and the strain in the rock mass 
surrounding the tunnel. This strain is the ratio of 
tunnel deformation to the tunnel radius. The strain 
measurement is practical and easier than stress-
based evaluation, as the latter needs constitutive 
equations for interpretations [2]. The practical 
applications of this evaluating technique were 
further extended by Hoek , considering the amount 
of support required to limit the tunnel deformation 
to a specified level. Keeping in mind this 
deformation concept, Hoek and Marinos [11] have 
proposed a diagram for the squeezing level 
prediction by relating the percentage ratio of tunnel 
deformation to their diameter with the rock mass 
strength to in-situ stress ratio. The British 
Tunnelling Society also adopts the critical 
evaluation technique as a guideline during the 
design and construction of the tunnel . Referring to 
the limitations and expanding the scope of the 
critical strain, the Sakuri assessment diagram for 
the tunnel stability evaluation was modified, and 
more factors were included along with the rock 
mass strength including RMR, Q-value, and rock 
mass deformation modulus [2, 3]. Different studies 
used the critical strain approach for stability 
evaluation during tunnelling [6, 5, 3]. 

2.2. SRF for brittle failure 
During the Q-system development for the tunnel 

support design, an empirical table was suggested 
for the brittle failure in hard rock , which was 
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modified later . The table was for the SRF 
characterization in the Q-system for the rock mass 
quality determination. SRF is based on the ratio 
between intact rock strength (σc) and major 
principal stress (σ1) or excavation induced 
tangential stress (σϴ), as shown in Table 1. 

Although the purpose of Table 1 was the 
characterization of SRF and determination of the 

rock mass quality quantitatively, however, when 
the σϴ values are known, then it is possible to 
evaluate the brittle type of failure around the tunnel. 
This approach was used as an empirical rock 
bursting evaluation technique in the recently 
completed complex Neelum Jhelum Hydro Electric 
Power Project (NJHEPP). 

Table 1. Relationship of stress level with SRF based on strength-stress ratios . 
Stress level σc/σ1 σθ/ σc SRF 

1 Low stress near surface, open joints > 200 < 0.01 2.5 
2 Medium stress, favorable stress condition 200-10 0.01-0.3 1 

3 High stress, very tight structure. Typically, favorable to stability, 
and may be unfavorable to wall stability 10-5 0.3–0.4 0.5–2 

4 Moderate slabbing after > 1 h in massive rock 5-3 0.5–0.65 5–50 
5 Slabbing and rock burst after a few minutes in massive rock 3-2 0.65–1.0 50–200 

6 Heavy rock burst (strain-burst) and immediate dynamic 
deformation in massive rock < 2 > 1.0 200–400 

 
2.3. Capacity diagram for the shotcrete 
stability 

The thrust–bending moment and thrust—shear 
force interaction diagrams were developed for 
shotcrete/ liner stability evaluation [5]. This 
diagrammatical/graphical evaluation approach is 
the function of thrust force (N), bending moment 
(M), and shear force (Q) on the shotcrete. The N 
and M relation for failure in tension and 
compression is defined in Equations 1 and 2, 
respectively. 

2


  tM At AN
I FS

 (1) 

2


   cM At AN
I FS

 (2) 

where A, I, t, FS, σt, and σc are the area, moment 
of inertia, thickness, factor of safety (FOS), tensile, 
and compressive strength of shotcrete, 
respectively. For a particular value of FS, Mcr 
(critical value of bending moment) is defined for 
tensile and compressive failures in Equation 3. 

 
   c t

cr
IM
t FS

 (3) 

The diagram based on Equations 1-3 is the thrust 
bending moment diagram. 

Similarly, the relationship between N and Q for 
failure in tension and compression is shown in 
Equations 4 and 5, respectively. 
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For a specific FS value, Qcr (critical value of 
shear force) is defined for tensile and compressive 
in Equation 6. 

4
9
   cr c t

AQ
FS

 (6) 

The diagram based on Equations 4-6 is the thrust 
shear force diagram. 

3. Project Description, Geology of Area, and 
Rock Mass Properties 
3.1. Lowari tunnel project 

The 8.5 km Lowari tunnel (LT) is the longest 
road tunnel in the northern part of Pakistan (Figure 
2), and has been available for public transportation 
since 2017. During the construction period, a major 
design modification switched the Lowari Rail 
Tunnel (LRT) to a road tunnel named Modified 
Road Tunnel (MRT). The 7.12 m span LRT, 
designed with the concept of piggyback rail, was 
modified to an 11.17 m span two-way road tunnel.  

The LT project is located in a seismically active 
zone, where the Indian plate subducts the Eurasian 
Continental plate . The geological investigations 
were physically verified during the construction of 
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LRT and MRT. Five geological units were exposed 
along the tunnel longitudinal axis including the 
biotite granite unit, the granite unit, the meta 
sediment unit, the metavolcanic unit, and the meta 
igneous unit [12]. The properties of two dominant 
rock units, named granodiorite and gneiss, are used 
in this research work. The intact rock properties are 

shown in Table 2. Due to the rough topography 
along the tunnel axis, three vertical stress 
conditions, 10, 15, and 20 MPa, were used in the 
modelling. A total of 12 cases were modelled in the 
study for the LT (6 for LRT and 6 for MRT) 
project, considering the tunnel size, stress 
conditions, and rock units.  

 
Figure 2. Location of projects. 

3.2. Kohala Hydro Power (KHP) project 
The 17.5 km super-long headrace tunnel is the 

major component of 1100 MW of KHP on the 
Jhelum river, located in the Azad Jammu and 
Kashmir (AJ & K), the north-eastern area of 
Pakistan (Figure 2) [6]. This project area is 
seismically active, and belongs to the western part 
of the Himalayas. The headrace tunnels are planned 
through a stratigraphic sequence of alternative beds 
of sandstone (SS), siltstone, and mudstone of the 
Murree formation. The project is nearby the 
recently completed NJHEP project, and therefore, 
has a similar setting [4]. SS is a dominant rock in 
the area, which is further divided into SS1 and SS2 
based on their properties . The intact rock 
properties are shown in Table 2. The vertical 
stresses at the designed tunnel elevation reach 26 
MPa in the project [6]; however, for comparison 
and limiting the modelling number, similar stress 

values were taken in this study like the LT project. 
Taking the rock mass conditions, in-situ stresses, 
and tunnel size (8.5 m horse-shoe shape), six cases 
are modelled for the headrace tunnel of KHP.  

Roclab software is used to extrapolate the Table 
2 data to rock mass. The programming of this 
simple software is based on the generalized Hoek–
Brown failure criteria to determine the input 
parameters for numerical modelling . In rock mass, 
the number of fractures along with their 
characteristics have a dominant role in the 
mechanical properties and rock mass behavior [6, 
4, 1, 5, 2]. The calculated strength parameters of 
rock mass are shown in Table 3. The table reveals 
that the mechanical properties in descending order 
are for gneiss, granodiorite, SS1, and SS2 rock 
masses. The table also indicates that with depth, the 
rock mass cohesion values increase, while their 
internal friction values decrease.  
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Table 2. Intact rock mechanical and physical properties along with rock mass properties. 

Case No. Project Rock type Vertical 
stresses, MPa 

UCS, 
MPa mi GSI Unit weight, 

kN/m3 E, GPa 

01 

LRT 

Granodiorite 
10 

75 29 65 27.20 31.9 02 15 
03 20 
04 

Gneiss 
10 

100 23 64 26.98 52.5 05 15 
06 20 
07 

MRT 

Granodiorite 
10 

75 29 65 27.20 31.9 08 15 
09 20 
10 

Gneiss 
10 

100 23 64 26.98 52.5 11 15 
12 20 
13 

KHP 

SS1 
10 

80 17 60 27.67 27.0 14 15 
15 20 
16 

SS2 
10 

50 17 50 26.86 27.0 17 15 
18 20 

Table 3. Rock mass properties for numerical modelling. 
Case No. mb s a c, MPa ϕ, ◦ E, GPa σt, MPa σcm, MPa 

01 
8.309 0.021 0.502 

2.62 54.73 
20.13 0.185 10.65 02 3.29 52.02 

03 3.92 49.94 
04 

6.358 0.018 0.502 
2.82 54.66 

32.02 0.288 13.42 05 3.51 51.90 
06 4.14 49.84 
07 

8.309 0.021 0.502 
2.62 54.73 

20.13 0.185 10.65 08 3.29 52.02 
09 3.92 49.94 
10 

6.358 0.018 0.502 
2.82 54.66 

32.02 0.288 13.42 11 3.51 51.90 
12 4.14 49.84 
13 

4.074 0.012 0.503 
2.19 49.96 

14.04 0.231 8.56 14 2.73 46.99 
15 3.22 44.83 
16 

2.851 0.004 0.506 
1.50 43.50 

8.29 0.068 3.01 17 1.93 40.32 
18 2.31 38.04 

 
4. Tunnel Excavation and Support 

In LRT and MRT project, NATM (New Austrian 
Tunnelling Method) method, also known as the 
observational method, was used. This 
observational method discusses the procedures 
during the design and construction of tunnel 
excavation, and summarizes the procedures of 
tunnel excavation and support design . The actual 
tunnel support, applied in LRT and MRT, was 
adopted in this study. The LRT excavation is full 
face; however, the widely used top heading and 
bench excavation approach was adopted in MRT. 

The actual sequence was a special case due to the 
major design modification of the project .  

In KHPP, the top heading and bench excavation 
sequence is used for the tunnel excavation and 
support. The empirical suggested support based on 
a modified tunnel quality system (Q-system)  was 
adopted. The widely used Q-system for tunnel 
support design reveals that rock bolt spacing varies 
with the quality of rock mass and their length, 
considering the tunnel's size [2, 4]. In the case of 
shotcrete, the international acceptable empirical 
systems believe that the thickness of shotcrete 
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depends on the quality of rock mass and tunnel size 
[8].  

The details of shotcrete and rock bolts are given 
in Table 4. The table shows that NATM considers 
thick shotcrete and fewer rock bolts than the 
empirical systems. The higher reliability on 
shotcrete termed the NATM a shotcrete method 
[FHWA-NHI-10-034 ]. By comparing the LRT 
cases (1-6) with MRT (7-12), the installed support 
is the same although the span of the MRT is larger 

than the LRT. This trend is due to twice releasing 
stresses in the actual excavation sequences of the 
LRT followed by MRT in the LT project . In 
empirical suggested support cases (13-18), 
shotcrete thickness is in the range 06-09 cm (taking 
highly stressed jointed rock mass environment ), 
and therefore, 09 cm thick shotcrete is selected 
from the safety point of view. The rock bolt spacing 
ranges from 1.7-1.8,  resulting in 13 rock bolts in 
the tunnel periphery (crown and walls). 

Table 4. Applied tunnel support in numerical modelling. 
Excavation method Case No. Rock bolt length, m Nos of rock bolts Shotcrete thickness, cm 

NATM 1-6 4 7 15 
NATM 7-12 4 7 15 

Empirical 13-18 3 13 09 
 
5. Numerical modelling 

For tunnel analysis, FLAC version 7.0 is used in 
this work. FLAC is an explicit 2D finite-difference 
program appropriate for modelling sequential 
excavation. The full face excavation (a single 
excavation stage) is only implemented for LRT 
(cases 1-6), and was followed by support 
installation of Table 4. In MRT and KHP, tunnels 
were excavated using two excavation stages, top 
heading, and bench excavation approach. After the 
top heading, supports were applied in the crown, 
followed by bench excavation, and then support 
application in the tunnel walls. Generally, each 
excavation stage consists of three construction 
steps:  

1. Initial excavation (through nul model) 

2. Spraying of soft shotcrete (using liner option of 
the structure element) and installation of rock 
bolt support 

3. Shotcrete hardening via changing the 
mechanical properties of the shotcrete 

The FLAC model region, showing full face and 
top heading and bench excavation, for the three 
tunnel sizes are shown in Figure 3. 

For simulation, the model boundary was far 
enough to eliminate their effect on the results. 
Around the tunnel boundary, the mesh was 
comparatively fine enough for precise results. The 
model boundaries were fixed, except the top. The 
vertical boundaries were fixed for horizontal 
movement, and the bottom was fixed for vertical 
movement. For analysis, the modified Hoek-
Brown model, which is based on the non-linear 
relation between major and minor principal (σ1 and 
σ3) stresses, was used. In the models, the rock mass 
parameters, defined in Table 3, were used as the 

input. The vertical stresses (σyy) were due to gravity 
and applied stresses command at the top of the 
model. A FISH function was used for the complete 
in-situ stress conditions in the model. In the 
construction steps, 40%, 30%, and 30% relaxation 
were used for excavation, applying soft shotcrete 
and rock bolt, and hard shotcrete, respectively. The 
Table 4 support pattern was adopted as per the 
excavation and support sequence.  

6. Results and discussion 
The FLAC models are solved statically for the 

complete excavation sequence of LRT and top 
heading and bench excavation of the MRT and 
KHP projects. The results in terms of displacement 
and tangential stresses around the tunnel periphery 
were obtained. Further, the axial forces, shear 
forces, and bending moments in shotcrete were also 
obtained from the modelling for stability 
evaluation. 

6.1. Evaluation based on critical strain 
The critical strains were determined for all cases, 

considering the maximum displacements from 
FLAC modelling and tunnel size. The total 
displacements were calculated after solving the 
model statically. For this purpose, the grid point 
(GP) displacement option was used. The critical 
strain, as defined in section 2.1, and rock mass 
strength value for each case were plotted for strain-
based tunnel stability evaluation, as shown in 
Figure 4.  

According to the Figure 4, all cases are stable. 
The maximum critical strain value is 0.065 for case 
18, where the 20 MPa vertical stress acts on the SS2 
rock mass of the KHP project. In this case, the 
stresses are high, and the rock mass strength is low 
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compared to other rock units in Table 3. The lowest 
value of the critical strain is 0.01 for case 4. This 
value corresponds to the highest rock mass strength 
in Table 3 and σv of 10 MPa, lower than 15 and 20 
MPa. Comparing cases 1-6 (tunnel size = 7.12 m) 

with cases 7-12 (tunnel size = 11.17 m), the results 
reveal that critical strain values increase with 
tunnel size, keeping the stresses and rock mass 
quality the same.  

 

(a) Full face excavation of Lowari Rail Tunnel (case 1-6) (b) Top heading and bench excavation sequence of Modified Road 
Tunnel (case 7-12) 

 
(c) Top heading and bench excavation of the Headrace tunnel of Kohala hydropower project (case 13-18) 

Figure 3. FLAC modelling, showing three excavation profiles and their sequence of excavation. 

6.2. Evaluation based on stress reduction factor 
Before tunnel excavation, the in-situ stress 

environment remains a function of principal 
stresses. During the excavation, redistribution of 
the stresses occurs due to which the virgin stress in 
the excavation vicinity changes. In the post-
excavation scenario, the virgin stress field 
environment switches to induced principal stresses, 
the tangential (σϴ) and radial stresses (σr), around 
the tunnel. These σϴ and σr are at right angles but 
they are inclined to the direction of the virgin stress 

field. In the induced stress environment, σr is the 
minimum principal stress that is negligible at the 
excavation periphery. This σr acts as confinement 
and increases with the distance from the tunnel 
periphery. On the other hand, σϴ is the maximum 
principal stress, and is at its peak near the tunnel 
edge. This σϴ gradually decreases with the distance 
from the tunnel boundary. The ratio of the σϴ and 
σc is used as a stress level and a simple index for 
the tunnel stress-based stability [2].  
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The σϴ was determined using the FLAC2D and 
was used for the stress-strength ratio (σϴ/σc) 
calculation. These ratios were plotted for different 
rock units, as shown in Figure. 5. These figures 
reveal that for the same rock unit and tunnel size, 
increasing the in-situ stresses results in an 
increased stress-strength ratio. For 10 MPa stress, 
the majority of the cases indicated stable conditions. 
In the case of σv = 15 MPa, most of the cases are in 
the tight structure zone, which according to Table 
1, has no major issue. Only cases 3 and 9 showed 
moderate slabbing problems for σv = 20 MPa. 
Comparing the stress concentration around the 
tunnel periphery, derived from the excavation 
sequence adopted in this study with the actual 
excavation sequence of MRT revealed that the 
stress concentrations were higher in the top 
heading and bench excavation approach . The 
excavation sequence played a significant role as no 
such problems were observed during the MRT 
construction, although some audible brittle failure 
sounds were noticed during the construction of the 
LRT.  

The stress-strength ratio values for the LRT cases 
were higher than MRT for the same stress and rock 
mass conditions. This inverse relation of the ratio 
with the tunnel size is due to a twice relaxation of 
rock mass during top heading and bench 
excavation of MRT, compared to the full-face 
excavation of LRT. During the excavation of MRT, 
the displacement is comparatively higher than LRT 
(Figure 4). This high displacement relaxed the rock 
mass and resulted in a comparatively low-stress 
concentration.   

The magnitude of tangential stresses is not 
dependent on excavation size [4]. According to 
Kirsch Equation, these stresses are a function of the 
major and minor principal stresses only. Therefore, 
the stress-strength ratio values increase with 
increasing σv; however, for the same magnitude of 
σv, the ratio decreases with rock strength, as shown 
in Figure 5. For the same tunnel size and σv 
magnitude, the ratios are comparatively lower for 
those rock units having the highest intact rock 
strength.  

 
Figure 4. Strain-based tunnel evaluation of all cases of Table 2. For each rock mass quality/strength and tunnel 

size, critical strain increases with vertical stresses (10, 15, and 20 MPa). 
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Figure 5. Stress-based tunnel stability evaluation of all cases of Table 2. The data in oval shapes full and dotted 

lines are 20 and 15 MPa vertical stress conditions, respectively. The remaining data are for 10 MPa cases. 

6.3. Stability evaluation based on capacity 
diagram 

To get the developed thrust force, shear force, 
and bend moment in shotcrete, the structure liner 
axial fixscale option is used from the plot menu 
after solving the model statically. Equations 1-3 
and 4-6 were used for the thrust-bending moments 
and thrust-shear forces diagram for FOS values 
equal to 1.5, 2, and 2.5. The shotcrete thickness 
values, listed in Table 4, were used as input to the 
numerical model. The simulated results are plotted 
in Fig. 6. The purpose was to quantify bending 
moment, thrust, and shear forces induced in the 
shotcrete. The utility function is used in the FLAC 
after solving the model statically for the liner 
information.  

The results indicate that the applied 
liner/shotcrete in LRT is stable in compression and 
tension for both rock units of the project 
(granodiorite and gneiss) (Figures 6(a) and 6(b)). 
In the granodiorite rock unit, a low FOS in 
compression was observed for the highest stress 
level. Compared to the gneiss rock unit (Table 3), 
granodiorite rock mass has low strength and 
deformation modulus (Erm). These low values show 

high deformation and stress-strength ratio values 
for granodiorite than gneiss rock, as shown in 
Figures 4 and 5, respectively. Due to these high 
stresses and deformations, the liner experienced 
compression as the σv increased. In compression, 
low values of FOS with increasing σv were 
observed in all the cases, as shown in Figure 6.  

The remaining cases in Figure 6 (c-f) show liner 
instability in compression and tension. The 
shotcrete element with the stability issues in Figure 
6, were determined and compared with numerical 
models. The shotcrete elements having instability 
issues were the corner elements in the top heading 
and bench excavation. These corners were the 
stress concentration zones. As the capacity diagram 
is based on the circular liner, the major principal 
stress contours were determined at these corners 
for cases 09 and 18 (where comparatively more 
elements show issues), as shown in Figure 7. This 
figure reveals a high concentration of major 
principal stress at the tunnel corners, both in the top 
heading and bench. As shown in Figure 4, the 
displacement is higher in case 18 (SS2 rock unit 
and σv = 20 MPa) than in case 09 (granodiorite rock 
unit and σv = 20 MPa); therefore, the stress 
concentration is higher in the latter case. 
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a). LRT (granodiorite) 

 
b). LRT (Gneiss) 

 
c). MRT (granodiorite) 

Figure 6. Shotcrete stability evaluation through capacity diagram. 
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d). MRT (Gneiss) 

 
e). KHP (SS1) 

 
f). KHP (SS2) 

Continuous of Figure 6. Shotcrete stability evaluation through capacity diagram. 
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Case 09 (MRT, Granodiorite, σv = 20 MPa) 

  
Case 18 (KHP, SS2, σv = 20 MPa) 

Figure 7. Major principal stress state at corners (top heading (left) and bench (right)). 

7. Conclusions 
The following generalized conclusions were 

retrieved from this work: 

 The tunnel does not seem to be stable if a 
stability trend occurs in one evaluation technique 
because each evaluation technique assesses the 
effect of individual parameters. Therefore, multiple 
evaluation techniques should be used for tunnel 
stability analysis.  

 Tunnel behaviours are dependent on the rock 
mass mechanical properties, in-situ stresses, tunnel 
size, and the excavation sequence.  

 The rock having high deformation modulus can 
cause stress concentration at the tunnel periphery. If 
the in-situ stresses are high, the excavation-induced 
tangential stresses can cause brittle failure and which 
can be evaluated using the SRF approach. 

 In rock having low deformation modulus, the 
high tangential stresses can cause squeezing to occur, 
and in such cases, the instabilities can be evaluated 
using the critical strain approach. 

 The stress concentrations in sharp corners of 
the tunnel cause instability issues in the liner and can 
be assessed from the capacity diagram. In such 
situations, using an appropriate tunnel shape can 
help overcome these instabilities. 
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  چکیده:

کاهش تنش  بیضر ،یاز کرنش بحران یقاتیکار تحق نیمرتبط با پروژه است. در ا يهایژگیبرجا و و يهاتنش ن،یزم طیتونل شامل شرا يداریمؤثر بر پا یعوامل اصل
)SRFمنظور هجده مقطع تونل با استفاده از نرم افزار  نیا يتونل استفاده شده است. برا يداریپا لیتحل يبرا تیظرف ي) و نمودارهاFLAC2D شده  يمدل ساز

تونل در اکثر  يهاشکل رییکه تغ دهدیآمده نشان مدستبه جیبه دست آمده است. نتا RocLabبا استفاده از نرم افزار  يمدل ساز ياست. خواص توده سنگ برا
حاصل  يهاشکل ریی. تغکنندیشکل کمک م رییبرجا به تغ ياهتوده سنگ، اندازه تونل و تنش تیفیکه ک شودیحال، مشاهده م نیاست. در هم یمنیموارد در حد ا

 یناش يهاشکست نریکه لا دهدینشان م تیظرف يدارد. نمودارها یبستگ يحفار یتوده سنگ و توال تیفیدرجا، ک يهابه تنش SRF. گذاردیم ریتاث زین SRFبر 
باشد که  کپارچهی کردیرو کیشامل  دیتونل با يداریپا لیکه تحل ردیگیم جهین مطالعه نتی. اکندیتونل تجربه م يهاتمرکز تنش در گوشه لیاز استرس را به دل

  .ردیگیها را در نظر مشکل رییو تغ يسنگ، تنش درجا، ابعاد حفار تیفیک

  .رجاب يهاشکل و اندازه تونل، تنش ت،یکاهش تنش، نمودار ظرف بیضر ،یکرنش بحران کلمات کلیدي:
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