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Abstract:
In tunnel engineering, accurately predicting displacement in jointed rock masses is crucial for stability and
safety. Analytical and numerical methods are commonly used to evaluate tunnel wall displacement and
the effectiveness of support systems. Duncan-Fama and Carranza-Torres solutions have been employed to
predict tunnel wall displacement using the ground reaction curve, both before and after support installation. A
significant difference in tunnel wall displacement were observed between the two methods when the support
was applied. The numerical method yielded lower displacement values compared to the analytical method.
The pullout test shows the rock bolts’ effective stress distribution and stability, evident through their linear
stress-displacement relationship and significant yield strength expansion. The integration of both analytical
and numerical methods allows for a comprehensive understanding of displacement behavior, enhancing the
design and implementation of effective support systems in tunnel engineering.

Keywords: Tunneling; Support; Empirical methods; Analytical methods; Numerical modeling

1. Introduction

The stability of tunneling and underground mining relies
on thorough geological investigations, the adoption of ap-
propriate construction methods, and effective monitoring
techniques. In geomechanics, analytical techniques are par-
ticularly valuable because they can provide insightful results
with relatively minimal effort. These techniques highlight
the critical variables influencing solutions to complex prob-
lems, thereby aiding in the prediction and management of
ground behavior. The analytical methods address the chal-
lenges of predicting tunnel wall displacement in jointed
rock masses (Bobet, 2010). One of the analytical method,
convergence confinement in tunneling has been given to
predict the tunnel wall movement using ground reaction

curve (GRC) (Carranza-Torres and Fairhurst, 2000). In this
method when the boundary rock moves inward, tangential
stresses intensify, leading to both yielding of the rock mass
and increased confining stresses on the surrounding area
(Fama, 1993; Carranza-Torres and Fairhurst, 2000). The
Duncan Fama Solution is one of the analytical methods to
obtained the GRC and it is based on the Mohr-Coulomb
failure criterion. Therefore, this method requires parame-
ters such as modulus of elasticity (MPa), Poisson’s ratio,
internal friction angle, and rock mass compressive strength
in order to draw the ground reaction curve. The another
analytical method for tunnel stability analysis is Carranza-
Torres method (Carranza-Torres and Fairhurst, 1999), which
utilized the parameters of Hoek-brown.
The numerical modeling primarily depends on the nature
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of the problem and the geometry of the fracture system
(Jing and Hudson, 2002). For the continuum methods, there
are three main approaches: The Finite Difference Method
(FDM), the Finite Element Method (FEM), and the Bound-
ary Element Method (BEM)(Bi et al., 2016). The main
discrete methods include the Discrete Element Methods
(DEM) and the Discrete Fracture Network (DFN) method
(Jing and Hudson, 2002). Many numerical methods can
be used to investigate tunnel wall displacement, such as
General Particle Dynamics (Zhou et al., 2015; Bi et al.,
2016; Yao et al., 2022), Peridynamics (Wang et al., 2016;
Wang et al., 2017; Wang et al., 2018; Karimiazar et al.,
2023) and XFEM (Zhou and Yang, 2012). Recently several
reinforcement operations were simulated through numeri-
cal modeling. The findings indicate that a combination of
the umbrella arch and radial grouting methods proves to
be the most suitable strategy for successfully passing the
Tunnel through the Lalehzar fault zone (Abdollahi et al.,
2019). Numerical method helps to assess and analyze the
impact of geological factors on design, as well as the recip-
rocal effects of design decisions on geology (Zhou et al.,
2015). These are the economically feasible performances of
mining applications throughout their intended operational
lifespans (Singh et al., 2010). It should be noted that numer-
ical analysis relies on available data and are dependent on
the quality and representativeness of the training datasets
(Hoek and Diederichs, 2006; Dehghan and Yazdi, 2023).
Artificial neural networks can also rapidly and accurately
predict certain aspects of numerical model results (Furtney
et al., 2022). Numerical analysis aids in generating con-
vergence curves and evaluating support response (Li et al.,
2014). These solutions assume mainly elastoplastic Mohr–
Coulomb behavior (Carranza-Torres, 2004) and vary pri-
marily by their post-peak behavior, as well as modifications
for other unique conditions (Hoek, 2018).
Understanding the behavior and potential impacts of faults
on tunnel stability is of utmost importance to ensure safe
and reliable infrastructure development (Paltrinieri et al.,
2016). Zhou investigated that the tunnel stability is also
dependent on pore pressure and other hydromechanical pa-
rameters (Zhao et al., 2014; Zhou et al., 2018). Zhou also
used limit analysis to predict tunnel face stability in highly
fractured and saturated rock masses (Zhou et al., 2017). His-
torical events can serve as valuable references for predicting
the type of fault movement, the magnitude of displacement,
and the potential occurrence of faulting in rock mass (Bao
et al., 2020). This information enables the optimal and
cost-effective design of structures in fault-prone areas (Öge,
2017). The basic parameter of rock mass stability analysis
is rock strength and it is rock dependent (Abbas et al., 2022;
Lan et al., 2019).
Given the challenges in accurately predicting displacement
in highly jointed rock masses, this study compares analytical
and numerical methods to evaluate tunnel wall displacement
and the effectiveness of support systems. By employing
the Duncan-Fama and Carranza-Torres solutions alongside
numerical modeling, the research aims to provide a com-
prehensive understanding of displacement behavior both
before and after support installation. The displacement on

the recommended support has also been determined after
installation the bolts using pull out test, this further confirm
the validity of installed support particularly for underground
excavations in highly jointed rock mass of the Himalayan.

2. The study area and the methods
The study area is situated within the Kohistan Arc, which
formed as a result of the Indian and Pakistani tectonic plates
beneath the Eurasian plate (Petterson, 2010). The predomi-
nant rock types in the area are Gabbronorite and ultramafic
rocks. The study area is located on the border of the Khy-
ber Pakhtunkhwa province and Gilgit-Baltistan in Pakistan,
approximately 40 km downstream from Chilas, the head-
quarters of the Diamer district in Gilgit-Baltistan (Fig. 1.
The 15.4 m span with a D-shaped tunnel is excavated on the
right side of the river Indus. The tunnel passes through two
different rock types according to the rock mass rating: One
section has good rock mass (A), while another portion is of
poor quality (B). In the poor rock mass class, the dominant
rock type is ultramafic. The input parameters for the two
rock types (A and B) used in the numerical analysis are
provided in Table 1. The geological map of the study area
is shown in Fig. 1 (Arif et al., 2015).
The Duncan Fama solution and Carranza-Torres solution
are used to determine the Ground reaction Curve (GRC).
The convergence is a solution typically employed for the
preliminary evaluation of tunnel convergence and support
suitability (Kabwe et al., 2020). The tunnel is first an-
alyzed without support then support has been installed
and the factor of safety is determined. Carranza-Torres
method (Carranza-Torres and Fairhurst, 1999) integrated
the Caquots lower bound solution of the problem of cavity
collapse for an elastic-plastic Mohr-Coulomb material. The
Carranza-Torres solution permits the estimation of the inter-
nal pressure Ps necessary to maintain the opening stability
at ultimate limit state.
Stability analysis of tunnels commonly employs various
approaches, namely analytical, empirical, and numerical
methods. Analytical methods provide precise mathematical
solutions by relying on simplifying assumptions. Empir-
ical methods, on the other hand, are constrained by the
specific conditions of their case studies. In contrast, nu-
merical methods, such as the finite-element (FE) method,
offer the capability to simulate irregular geometries and
complex material models. However, the determination of
ground strength parameters frequently depends on empir-
ical methods and subjective judgment (Yang et al., 2021).
An additional notable limitation of numerical modeling is
its poor performance when applied beyond the range of
data it has been trained on (Liu et al., 2023). This raises a
fundamental question about the feasibility of extrapolating
knowledge from one study to other sites and projects. The
pressure exerted on tunnel support is influenced by a multi-
tude of geological phenomena, including tectonic pressures,
folds, shear zones, groundwater, and various other factors
(KC et al., 2022).
The original Hoek-Brown Criterion (Hoek et al., 2002)
was used in the numerical modeling. This criterion dis-
cussed is not only for rock materials. It is also applicable to
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Figure 1. The geology and the location of the study area (Arif et al., 2015).

rock masses. The Hoek-brown criterion discussed for rock
masses is given below,

σ1

σci
=

σ3

σci
+

(
mb

σ3

σ1
+ s

)a

(1)

The equation above is the generalized Hoek-Brown criterion
of rock mass. σ1 and σ3 are major and minor principal
stresses. σci is the unconfined compressive strength of the
rock and the coefficient mi is a parameter that depends on
the type of rock (normally 5 ≤ mi ≤ 40). The Hoek-Brown
criterion for intact rock material is a special form of the
generalized equation when s = 1 and a = 0.5. For intact

Table 1. The properties of rock types used in numerical analysis.

Rock properties Rock type A Rock type B

UCS (MPa) 80 60

Unit weight 3.2 3.2

Poisson ratio 0.25 0.26

Youngs modulus (GPa) 55 50

GSI 65 55

rock, mb becomes mi, i.e.

σ1

σci
=

σ3

σci
+

(
mi

σ3

σ1
+ s

)0.5

(2)

In the Hoek-Brown criterion, the symbol σci represents the
uniaxial compressive strength of intact rock material. This
applies both to the Hoek-Brown criterion for individual rock
material and for rock masses. In the broader context of the
generalized Hoek-Brown criterion, σ1 signifies the strength
of the rock mass under a confining pressure σ3.
Parameter “a” is typically set at a value of 0.5. The constants
“mb” and “s” are parameters that vary with the type of rock
and the quality of the rock mass. The specific values of
“mb” and “s” recommended by Hoek for various rock types
can be found in Table 2. The input parameters of two rock
types used for numerical and analytical analysis are given
in Table 1.

3. Results and discussion
Rock support, plays a crucial role in tunneling projects to
ensure the stability and safety of the surrounding rock mass.
Wall displacement in tunneling refers to the movement or
deformation of the tunnel walls during excavation (Ji et
al., 2023). Using the Carranza-Torres (Fig. 2) solution the
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Table 2. Relation between rock mass quality and Hoek-Brown constants (Hoek and Diederichs, 2006).

Hoek-Brown
failure

criterion
carbonate

lithified
argillaceous rocks arenaceous rocks

fine grained
polyminerallic

igneous

coarse grained
polyminerallic

igneous and
metamorphic

Intact
rock material

mi = 7.0
s = 1.0

mi = 10.0
s = 1.0

mi = 15.0
s = 1.0

mi = 17.0
s = 1.0

mi = 25.0
s = 1.0

very good
rock mass

mb = 3.5
s = 0.1

mb = 5.0
s = 0.1

mb = 7.5
s = 0.1

mb = 8.5
s = 0.1

mb = 12.5
s = 0.1

good
rock mass

mb = 0.7
s = 0.004

mb = 1.0
s = 0.004

mb = 1.5
s = 0.004

mb = 1.7
s = 0.004

mb = 2.5
s = 0.004

fair
rock mass

mb = 0.14
s = 0.0001

mb = 0.20
s = 0.0001

mb = 0.30
s = 0.0001

mb = 0.34
s = 0.0001

mb = 0.50
s = 0.0001

poor
rock mass

mb = 0.04
s = 0.00001

mb = 0.05
s = 0.00001

mb = 0.08
s = 0.00001

mb = 0.09
s = 0.00001

mb = 0.13
s = 0.00001

very
rock mass

mb = 0.007
s = 0

mb = 0.01
s = 0

mb = 0.015
s = 0

mb = 0.017
s = 0

mb = 0.025
s = 0

ground reaction curve shows that the total wall displacement
is 1.7 mm and the final wall displacement using the long
term GRC is 2.55 mm without installing the support. The
Carranza-Torres solution is a commonly used method for
analyzing tunnel wall displacement and estimating the be-
havior of rock mass under the influence of tunnel excavation.
The ground reaction curve obtained from this solution pro-
vides insights into the expected displacements and support
requirements using Mohr Coulomb failure criteria. The total
wall displacement using the Carranza-Torres solution is 1.7
mm for the ultramafic rocks. This value represents the initial
displacement of the tunnel wall immediately after excava-
tion. However, it’s important to note that tunnel behavior is
not solely governed by immediate displacements. Over time,
the surrounding rock mass may continue to deform due to
various factors such as stress redistribution, convergence,
and long-term rock behavior (Soga et al., 2017). To account
for these long-term effects, the long-term GRC is used. This

curve takes into consideration the time-dependent behavior
of the rock mass and predicts the final wall displacement
(Oke et al., 2018a). In this case, the final wall displacement
predicted by the long-term GRC is 2.55 mm as shown in
Fig. 2. The tunnel convergence without support is 0.02%
and the long-term final convergence is 0.029%. Fig. 3 shows
the GRC curve using Duncan Fama solution. The tunnel
wall displacement and Tunnel convergence in both of the
solution is almost the same. The difference between the
total wall displacement and the final wall displacement can
be attributed to the time-dependent behavior of the rock
mass. As time progresses, the rock mass continues to adjust
and deform, resulting in additional displacement beyond
the initial response. To explain this difference, it is empha-
sized that the Carranza-Torres solution provides an estimate
of the immediate displacement, while the long-term GRC
incorporates the time-dependent effects to estimate the final
displacement. This accounts for the ongoing deformation

Figure 2. Ground reaction curve using Carranza-Torres solution for rock type B.
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Figure 3. Ground reaction curve using Duncan Fama solution for rock type B.

and adjustment of the rock mass, leading to a larger dis-
placement value in the long term. The stress environment of
the surrounding rock changed during the tunnel excavation
(Bao et al., 2022). These values are based on the assump-
tions and parameters used in the Carranza-Torres solution.
Any uncertainties or variations in the rock mass properties,
support system, or excavation method could impact the ac-
tual displacements experienced in the tunnel.
When a support is installed in the tunnel, it serves to re-
inforce the rock mass and limit its deformation. In this
case, the Carranza-Torres solution predicts a reduction in
displacement at the tunnel face to 0.5 mm and a displace-
ment of 0.8 mm at the support level as shown in Fig. 4.

The tunnel convergence refers to the inward movement or
deformation of the tunnel walls due to excavation-induced
stress redistribution. In this case, the Carranza-Torres so-
lution predicts a convergence of 0.006% at the tunnel face
and a convergence of 0.01% after installation of support. A
convergence of 0.006% implies that the tunnel walls have
moved by 0.006% of the tunnel diameter toward the center.
This convergence occurs due to the redistribution of stresses
and the response of the surrounding rock mass to excavation
(Luc et al., 2015). The convergence at the support level rep-
resents the inward movement of the tunnel walls specifically
near the installed support elements (Oke et al., 2018b). A
convergence of 0.01% means that the walls have moved

Figure 4. Ground reaction curve using Carranza-Torres solution after installing support for rock type B.
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by 0.01% of the tunnel diameter towards the center at the
support location. The installed support helps to limit the
convergence and deformations by providing reinforcement
and confinement to the rock mass. Fig. 5 shows the similar
results using Duncan Fama solution.
The GRC for rock type A is given in Figs. 6 to 9. With-
out the installation of support (Figs. 6 and 7), the tunnel
walls experience deformation due to the redistribution of
stresses induced by excavation. The convergence in tunnel
using the Carranza-Torres solution is 0.003% which indi-
cates that the tunnel walls have moved by 0.003% of the
tunnel diameter towards the center. This movement occurs
as a result of the response of the surrounding rock mass to
the excavation process. The estimation of 0.004% as the
long-term final convergence suggests that the rock mass

will experience further inward movement, resulting in an
additional convergence of 0.004% of the tunnel diameter.
When support is not installed, the tunnel walls undergo de-
formation due to the redistribution of stresses induced by
excavation (Huang et al., 2020). The final wall displace-
ment of 0.25 mm (Fig. 5) represents the total movement
or deformation of the tunnel walls at the end of the exca-
vation process. This displacement takes into account the
immediate response of the rock mass to the excavation. The
estimation of 0.36 mm (Fig. 7) as the long-term final wall
displacement suggests that the rock mass will experience
further movement or deformation, resulting in an additional
displacement of 0.36 mm. While when support (Fig. 8)
is installed the final wall displacement is reduced to 0.08
mm and the long-term final wall displacement is reduced to

Figure 5. Ground reaction curve using Duncan Fama solution after installing support for rock type B.

Figure 6. Ground reaction curve using Duncan Fama solution for rock type A.
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Figure 7. Ground reaction curve using Carranza-Torres solution before installation of support.

0.11 mm for Carranza-Torres solution. The support system
helps to limit the merging and deformations by providing
strengthening and confinement to the rock mass (Su et al.,
2021).
The Duncan Fama solution (Fig. 9) indicated that after in-
stalling support the tunnel convergence is almost 0%, it
means that there is no measurable inward movement or de-
formation of the tunnel walls. The support system, such
as rock bolts, shotcrete, or steel ribs, effectively restrains
the rock mass and prevents it from converging or collapsing
inward (Ghorbani et al., 2020). A tunnel convergence of 0%
indicates that the support system is successfully fulfilling
its purpose of providing reinforcement and stability to the
tunnel structure. The support elements distribute the loads

and reinforce the rock mass, effectively counteracting the
excavation-induced stresses and maintaining the integrity of
the tunnel (Kaiser and Cai, 2012). However, it’s important
to note that a convergence value of 0% may be an ideal
scenario and not always achievable in practice. The actual
convergence may still exist but below the measurable thresh-
old, indicating minimal or negligible movement. In such
cases, continuous monitoring is necessary to ensure the sta-
bility of the tunnel and detect any potential convergence or
deformations that may occur over time.
Finally, the total displacement across the tunnel cross sec-
tion was also measured using Hoek-Brown parameters as
shown in Fig. 10. It was observed that when the when the
support is installed there is negligible displacement along

Figure 8. Ground reaction curve using Carranza-Torres solution after installing support.
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Figure 9. Ground reaction curve using Duncan Fama solution after installing support.

the tunnel crown and walls for both the rock types.
The pullout test results from the rock bolt installation in
the tunneling project reveal a positive linear relationship
between bolt stress and displacement, indicative of elas-
tic deformation behavior. The bolt withstood a maximum
stress of 346 MPa with only a slight displacement increase
of 3.5 mm, highlighting its stability and validity of the in-
stalled support and numerical analysis results as discussed
above. As load intensified from 20 kN to 206 kN, elastic
deformation increased from 0.07 mm to 0.69 mm, demon-
strating progressive load-bearing. Moreover, yield strength
increased by 7% to 67%, showing enhanced capacity for
heavier loads while staying within the elastic range. These
results indicate the efficiency of the recommended support
system (Bieniawski, 1989) for good and poor rock mass
crucial for maintaining stability and safety amid challeng-

ing Himalayan geological conditions, providing valuable
provision for future tunneling projects.

4. Conclusion
Monitoring the displacement of tunneling in jointed rock
masses is crucial for ensuring tunnel stability. This study
focused on calculating the field displacement of a tunneling
project in the Himalayas, particularly in the tunnel’s roof
and walls. Both analytical and numerical methods were
employed to calculate the displacement field. The objective
was to measure the displacement occurring after excavation
to guide the effective implementation and installation of
support systems within the tunnel. The conclusion is given
below:

• The numerical modeling approach revealed that, after
installing the support, the total displacement across the

Figure 10. The displacement across tunnel for both rock types A and B.
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Figure 11. Stress on rock bolt vs displacement of rock bolt.

crown and wall was reduced to an allowable limit. This
indicates the efficiency of the installed support and the
suitability of the numerical analysis parameters and
methods used.

• The Duncan Fama solution indicated that the installa-
tion of support in good rock mass resulted in almost
0% tunnel convergence, implying negligible inward
movement or deformation of the tunnel walls. Con-
versely, the Carranza-Torres solution showed a con-
vergence of 0.003%, indicating that the tunnel walls
moved by 0.003% of the tunnel diameter towards the
center. For poor rock mass, the Carranza-Torres solu-
tion predicted a convergence of 0.006% at the tunnel
face and 0.01% at the support level. Additionally, a
reduction in displacement at the tunnel face to 0.5 mm
and a displacement of 0.8 mm at the support level were
anticipated.

• Considering that the numerical modeling approach uti-
lized the ground parameters to estimate wall displace-
ment, it proved to be more suitable than analytical
approaches. It is therefore recommended to validate
the design support using numerical modeling rather
than relying solely on analytical methods, taking into
account the limitations associated with the ground con-
ditions.

• The pullout test on the bolts indicated its elastic stress
distribution and stability, underscored by the linear
stress-displacement correlation and impressive yield
strength increase. These results confirm the efficiency
of the installed support for ensuring safety and perfor-
mance in demanding geological contexts.

• The reliability of the results depends on the accurate
ground parameters, field data validation, therefore fu-
ture directions involve enhanced ground parameter
collection, advanced and hybrid numerical modeling
techniques, real-time monitoring integration, and long-

term performance assessment to improve tunnel stabil-
ity predictions and support system effectiveness.
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