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 The stability of tunnels and underground openings in jointed rock masses is 
significantly influenced by the development an Excavation Damage Zone (EDZ), 
where discontinuities alter stress distribution and the fractured propagation zone. In 
previous studies on EDZ, rock mass is commonly considered as a continuum medium, 
while the joint system can dictate the size of EDZ. This study aims to investigate the 
EDZ around a tunnel excavated in a jointed rock mass using the Discrete Fracture 
Network (DFN) and Discrete Element Method (DEM). Three DFN models with 
different fracture intensities of 0.5, 1.0, and 1.5 m2/m3 were simulated to explore the 
progressive failure mechanisms and damage evolution around a tunnel. The DFN 
models were then imported into the DEM code. The area of the plastic zone was 
considered a representative measure of the EDZ. The influence of joint mechanical 
properties, including cohesion, friction angle, normal, and shear stiffnesses, was 
investigated. A dimensionless sensitivity analysis was conducted to evaluate and 
compare the influence of each parameter. The results show that the joint friction angle 
is the most influential parameter in all fracture intensities. These insights provide a 
more precise understanding of joint behaviour and its impact on tunnel stability in 
different geological settings. 
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1. Introduction 

The stability of underground excavations in 
fractured rock masses is a critical concern in rock 
engineering, particularly for tunnelling projects. 
The Excavation Damage Zone (EDZ) refers to the 
region around a tunnel where the rock mass 
properties have been altered due to stress 
redistribution, fracturing, and damage by the 
excavation process. EDZ can significantly 
influence the long-term performance, and stability 
of the structure. This zone is characterized by 
changes in rock permeability, stiffness, and 
strength, which are induced by excavation methods 
such as blasting or Tunnel Boring Machines (TBM) 
[1]. The EDZ can be further divided into High-
Damage Zones (HDZ) and Weak-Damage Zones 
(WDZs), where the HDZ is close to the excavation 
and experiencing the most significant deterioration 
[2, 3]. The EDZ is considered to be physically less 
stable, and can form a continuous and highly 

permeable pathway for groundwater flow, which 
affects tunnel support structure design, 
construction, and surrounding rock mass stability 
[4]. The presence of the EDZ around a tunnel 
perimeter is of significant concern about safety, 
stability, costs, and overall performance of the 
tunnel [1]. 

Understanding the extent and characteristics of 
EDZ is essential for designing support systems as 
well as assessing the stability, safety, and 
performance of tunnels, particularly in challenging 
geological conditions where the rock mass is 
highly jointed and discontinuities dominate the 
mechanical behaviour of the rock mass. The extent 
and characteristics of the EDZ depend on various 
factors, including the excavation method, rock 
properties, and tunnel depth [5]. 

To understand the factors influencing the EDZ 
of tunnels, several key aspects need to be 
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considered based on the previous studies. The 
impacts of excavation method [6], in-situ stress and 
stress redistribution aspects [7], rock mass 
properties [3], geological conditions [8], 
hydrogeological conditions [9], tunnel geometry 
and depth [10], construction and management 
practices [11] are amongst parameters have been 
studied in previous researches. 

Discontinuities such as joints, fractures, faults, 
and bedding planes play a critical role in the rock 
mass behaviour during tunnel excavation, 
impacting the formation and characteristics of the 
EDZ around underground openings. The presence 
of pre-existing structural weaknesses features can 
alter stress distribution, fracture propagation, rock 
mass degradation, and additional damage, which 
affect the stability of the surrounding rock masses. 
These influences lead to variations in EDZ 
characteristics compared to intact rock conditions. 
The EDZ in jointed rock masses is often dominated 
by pre-existing fractures rather than new stress-
induced cracks. Persistent fractures also facilitate 
deeper damage propagation, while non-persistent 
joints may arrest crack growth [12]. Therefore, 
exploring the role of discontinuities is essential to 
understanding the complex characteristics of EDZ. 

The evaluation of EDZ has been widely 
investigated through theoretical, empirical, 
experimental, and numerical approaches. Wu et al. 
[13] developed a simplified theoretical method for 
determining the EDZ based on strain energy 
density release. Sharan et al. [14], and Zareifard, 
and Fahimifar [15] derived theoretical closed-form 
solutions for displacement fields surrounding 
circular excavations in elastic-brittle-plastic rock 
masses using the Hoek-Brown failure criterion. 
Park et al. [16] developed analytical solutions to 
predict displacements around a circular tunnel 
based on the Mohr–Coulomb, and Hoek–Brown 
failure criteria. Roatesi [17] derived a closed-form 
solution in finite and infinite rock masses based on 
the unified strength theory in plane strain 
condition, and analysed the effect of intermediate 
principal stress, Young’s modulus, and dilatation 
on the stress and displacement fields of EDZs. 
Huang et al. [18] developed a theoretical model for 
the damage zone based on the Drucker–Prager 
criterion, considering the elastic-plastic theory. 
However, the complex mechanical behaviour of 
jointed rock mass surrounding underground 
openings has been simplified in theoretical models. 
The jointing system has been mainly ignored in 
these analytical approaches and replaced by 
homogenized rock materials as well. 

The empirical estimation of failure depth 
around openings was initially estimated by Martin 
et al. [19], which was later improved by additional 
case studies of Diederichs [20]. This empirical 
method has been employed to predict the depth of 
brittle spalling around tunnels [21, 22]. Yang et al. 
[23] estimated the rock mass properties of the EDZ 
using the generalized Hoek-Brown damage 
criterion and acoustic testing. Fu et al. [24] studied 
the failure mechanism of circular tunnels 
reinforced with concrete layers under uniaxial 
compression through experiments and numerical 
modelling. 

Some efforts have also been undertaken to 
simulate EDZ using numerical approaches. 
Golshani et al. [25] simulated the EDZ around a 
circular opening in a brittle rock mass using an 
extended microcracking based on a continuum 
damage model. Yang et al. [26], based on the 
results of their simulations, found that the 
development of EDZ around an opening is strongly 
dependent on the geo-stresses. Perras et al. [27] 
numerically evaluated the depth of the damaged 
area and developed equations for the estimation of 
the EDZ zone of circular tunnels in the brittle rock 
mass. Ren et al. [28] investigated the plastic 
damage zone in an elastic–plastic damage 
FLAC3D numerical method for jointed rock mass. 
Fan et al. [29] and Feng et al. [30] studied the effect 
of stress unloading on the EDZ, using theoretical 
and numerical simulations. Haeri and Sarfarazi 
[31] developed a multi-laminate-based model to 
simulate the elasto-plastic and strain-hardening 
behaviour of rocks. Chen et al. [32] proposed a 
phase field model to simulate EDZ around tunnels 
based on non-linear fracture mechanics. Review of 
the previous numerical studies on EDZ shows that 
most of these studies have been focused on 
continuum-based numerical approaches. A limited 
number of studies have been carried out to simulate 
EDZ using discontinuous approaches. 

As explained above, the stability of the rock 
mass surrounding excavation openings may be 
significantly controlled by the presence of 
discontinuities [33, 34], and recognizing the 
discontinuous rock medium role is essential [35, 
36]. Some numerical efforts have been carried out 
to highlight the role of discontinuities  [37–39], and 
show that the discontinuities' impact on the EDZ 
can be more than the strength of intact rocks at the 
micro-scale [40, 41] and macro-scale [42, 43]. 
Several key factors regarding the influence of 
discontinuities on EDZ characteristics needs be 
considered such as stress redistribution and 
fracturing mechanisms [42], joint geometry, and 
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mechanical properties [44, 45], dynamic effects 
and blasting [46, 47]. Numerical modelling can 
play a vital role in exploring the complex 
mechanical characteristics of EDZ in jointed rock 
masses.  The Discrete Element Method (DEM) has 
been widely adopted to simulate the mechanical 
behaviour of jointed rock masses due to its explicit 
ability to model rock blocks' interactions. DEM 
was first developed [48] for geomechanical 
applications, demonstrating its effectiveness in 
capturing discontinuous deformation. Since then, 
DEM has been widely employed for various rock 
engineering problems including rock slope 
stability, underground mining, and tunnelling [49]. 
DEM models help in understanding the interaction 
between joint networks and in situ stresses, 
revealing complex fracturing mechanisms that can 
compromise tunnel stability [42]. Amongst DEM 
codes, UDEC and 3DEC have shown promising 
results in the simulation of the effects of joint 
geometrical and mechanical properties in the 
estimation of induced damage zones around 
underground openings [50, 51]. These codes are 
suitable numerical tools to study the mechanical 
behaviour of discontinuous media where 
discontinuities are simulated explicitly, and their 
mechanical responses can be understood more 
realistically. In highly jointed conditions, the 
efficiency of these codes decreases due to high 
computational time. However, these codes can 
provide acceptable and valid results in a jointed 
rock mass condition.  

Discrete Fracture Networks (DFN) are 
computational or stochastic representations of 
joints within the rock masses that explicitly model 
their joint geometry [52]. Unlike continuum 
approaches, combined DFN-DEM models treat 
fractures as discrete entities, enabling accurate 
simulation of discontinuity-controlled failure 
mechanisms as well as stress redistribution around 
excavations due to fracture interaction [53]. Some 
efforts have been undertaken to simulate the 
damage zone around openings using kinematic 
stability analyses using DFN models [54]. 
However, stress distribution around openings has a 
significant role in the size of the EDZ, as explained 
earlier. Therefore, analysing the EDZ in tunnels 
using combined DFN-DEM models can provide a 
fruitful tool to explore the complex damaging 
mechanisms around tunnels and underground 
excavations. 

Despite several studies on the extent of the EDZ 
and effective parameters, a systematic 
quantification and comparison of the effects of 
discontinuities on the plastic damage zone cannot 

be found in the literature. Most of the previous 
studies are restricted to the assumptions of 
continuum media and a uniform damage zone, 
without considering the effect of the fracture joint 
system on the extent of the EDZ. Therefore, the 
behaviour of EDZ in discontinuous rock masses 
remains poorly understood. A systematic 
evaluation of the EDZ, where the rock mass 
medium has been considered discontinuous and 
joints' geometrical and mechanical properties have 
been simulated explicitly, can improve our 
understanding of the EDZ. 

This paper aims to investigate the effect of joint 
mechanical and geometrical properties on EDZ 
using combined DFN-DEM models. Models with 
different fracture intensities were generated using 
the DFN technique, and the generated models were 
imported into DEM models. Through a 
comprehensive sensitivity analysis, the influence 
of joint mechanical properties, including joint 
normal and shear stiffnesses, cohesion and friction 
angle, on the EDZ at different joint fracture 
intensities were investigated. 

2. Theory and Background 

In this section, an overview of the theoretical 
framework of the numerical methods and the 
approach to dimensionless sensitivity analysis is 
presented. 

2.1. Fundamental principles of DEM 

The Discrete Element Method (DEM) is a 
numerical approach that facilitates finite 
displacements and rotations of discrete bodies 
including complete detachment, while 
automatically detecting new contacts as 
computations progress [55]. DEM was developed 
by Cundall in the early 1970s to analyse 
discontinuous rock masses [48]. This method 
partitions the rock mass into discrete blocks, which 
are connected through predefined contacts. These 
contacts serve as pathways for crack propagation 
and are defined as the boundaries of the model. 
Additionally, the displacements and forces at the 
contacts are computed during the analysis [56, 57]. 

In DEM, joints are represented as the separating 
surfaces between the edges of adjacent blocks. 
These joints act as surface elements that enable 
adjacent block edges to interact through impact, 
relative sliding, or separation and closure. The 
contacts are characterized by finite stiffness in both 
the normal and shear directions, modelled using 
normal and shear springs, as shown in Figure 1. 
Consequently, the force exerted on each spring is 
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computed based on its displacement, as described 
below: 

n n nF k u    (1) 

s s sF k u    (2) 

where ΔF, Δu, and k are the force, displacement, 
and stiffness coefficients, respectively, and the n 
and s subscripts denote the normal and shear 
directions, respectively. Additionally, the shear 
stress on joint surfaces is constrained by cohesion 
(c), friction angle (φ), and the normal stress acting 
on the joint surfaces (σn), as defined by the Mohr-
Coulomb failure criterion, as follows: 

|߬| ≤ ܿ + ߪ  (3) ߮݊ܽݐ

 
Figure 1. Rigid and deformable blocks and the 
simulation of characterization of joints using 

springs [56] 

UDEC is based on the Distinct Element Method 
(DEM), in which a discontinuous rock mass is 
simulated as an assembly of discrete, rigid or 
deformable blocks. The mechanical interaction 
between adjacent blocks is governed by force-
displacement laws at contacts, characterized by 
normal and shear stiffness, cohesion, and frictional 
resistance. Block separation, sliding, and rotation 
are explicitly allowed, enabling the simulation of 
complex deformation and failure mechanisms. This 
numerical framework allows UDEC to accurately 
capture the non-linear mechanical behaviour of 
jointed rock masses under various loading and 
excavation conditions. 

2.2. EDZ estimation via Mohr-Coulomb 
criterion 

Continuous methods, such as the phase-field 
approach, have been employed in previous studies 
to quantify the EDZ [32]. In this study, the extent 
of the EDZ was evaluated based on the 
development of plastic zones, using the Mohr-

Coulomb failure criterion implemented in UDEC. 
According to this model, yielding occurs when the 
major and minor principal stresses at an element 
satisfy the Mohr-Coulomb condition, resulting in 
plastic deformation. The stress state can be 
classified into three main categories: 

- Stable condition: The Mohr’s circle lies entirely 
within the failure envelope, indicating that the 
element remains in the elastic regime with no 
sign of yielding. 

- Critical (limit equilibrium) condition: The 
Mohr’s circle is tangent to the failure envelope, 
suggesting that the element is at the onset of 
yielding and is about to enter the plastic zone. 

- Unstable condition: Mohr's circle intersects the 
failure envelope, meaning the element has 
yielded and exhibits plastic behaviour. 

The failure envelope is defined by the Mohr-
Coulomb yield function, as follows [58]: 

1 3 2sf N c N      (4) 

and a tension yield function is obtained from 
[58]: 

3
t

tf     (5) 

where ߪଵ and ߪଷ are the major and minor 
principal stresses, respectively, and N߮ is [58]: 

 
 

1 sin
1 sin

N








 (6) 

The negative, zero, and positive values of each 
yield function indicate the stable, critical, and 
unstable (plastic behaviour) of the studied 
triangular mesh zones, respectively. A FISH 
function was developed to compute the total area 
of these yielded zones, which was subsequently 
used as a quantitative measure for the EDZ. This 
approach ensures consistency with the constitutive 
framework of UDEC and provides an objective 
basis for comparing the influence of joint 
parameters on damage evolution. 

2.3. Dimensionless sensitivity analysis 

Sensitivity analysis is a method used to evaluate 
the stability of a system [59]. A character P is 
considered dependent on n factors (P=f{2ߙ ,1ߙ,…, 
 n}) within the system. During the sensitivityߙ
analysis process, one of these factors (αk) is varied 
within a specified range while monitoring the 
resulting changes in the system's parameter (P). 
The analysis begins by varying the factor (αk) 
within its range while keeping all other factors 
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constant, subsequently establishing a relationship 
between the system's parameter (P) and αk, as 
expressed below [59]: 

   * * * * *
1 1 1, ..., , , ,...,k k k n kP f           (7) 

where “*” superscript means the constant 
(basic) values of the factors. The P-ߙk diagram 
obtained from Equation (7) and its slope illustrate 
the sensitivity of P to variations in ߙk (Figure 2). It 
is evident that a change in αk near αk1 results in a 
more significant variation in P compared to a 
change in ߙk near ߙk2. 

 
Figure 2. Schematic curve of the relationship 

between P and ߙk [59] 

The sensitivity analysis described above is 
effective for evaluating the impact of a single factor 
on the system. However, the system is influenced 
by multiple factors that affect the parameter P in 
different ways, making it difficult to compare their 
sensitivities using this method. To address this 
challenge, a dimensionless sensitivity analysis is 
proposed. 

In dimensionless sensitivity analysis, a 
dimensionless function known as the “sensitivity 
function” is defined as the ratio of the relative error 
of the parameter ߜP=|ΔP|/P to the relative error of 
the factor ߙߜk =|Δߙk|/ߙk [59]: 

( ) k k
k k

k k

P PS
P P

 
 

      
        

 
(8) 

1, 2,...,k n  

As the magnitude of Δߙk/ߙk decreases and 
approaches zero, the sensitivity function Sk (ߙk) 
converges to Equation 9, by substituting P= φ (ߙk) 
from Equation (7)Error! Reference source not 
found. into Equation (8): 

   kk k
k k

k

d
S

d P
 




    1, 2,...,k n   (9) 

Finally, the dimensionless sensitivity factor Sk
* 

of αk is obtained by substituting ߙk= ߙk
* (i.e. the 

base value of ߙk) into Equation 10, as shown in 
Equation 10, The dimensionless sensitivity factor 
of each parameter indicates the sensitivity of the 
system's behavior to that parameter. The impact of 
error in each factor increases with the increase in 
its sensitivity factor [59]. 

*
( )* * *

*( ) kk k
k k k k k

k

d
S S

d P
   


 

   
 

   
(10) 

1, 2,...,k n  

In this study, the sensitivity analysis outlined 
above was applied to investigate the impact of joint 
mechanical properties on the EDZ. 

3. Methodology 
3.1. Generation of Discrete Fracture Network 
(DFN) models 

In this study, the rock mass is considered as a 
discontinuous medium and consists of intact rock 
blocks and fractures. These fractures were 
simulated using the DFN model. In this study, the 
classical Baecher approach was used for DFN 
modelling. Firstly, a cubic block with an edge 
length of 40 meters was considered, and then 
fractures were simulated by circular discs. These 
circular discs were distributed using the Poisson 
distribution, and their lengths were assumed to be 
normally distributed. The average radius of 
fractures was assigned 10 m with a standard 
deviation of 1 m.  

Investigating the impact of fracture intensity is 
one of the most important concerns of this study. 
To this end, the fracture intensity parameter of P32 
(total area of fractures in the unit of volume) was 
considered as the criterion for jointing severity. 
Three DFN patterns with P32 values of 0.5, 1.0 and 
1.5 m2/m3 been were generated and then a 2D 
section for each model was prepared and imported 
to the numerical model. 

3.2. Numerical simulation 

The El Teniente mine in Chile is the largest 
underground copper deposit in the world [60]. This 
study investigates a vertical section of a horizontal 
tunnel in this mine, and this tunnel has an 
orientation of N95ᵒE. The tunnel has a horseshoe 
cross-section, as shown in Figure 3. In the 
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numerical models, the tunnel was simulated at the 
center of the 40 m × 40 m square boundary. As 
noted earlier, the fracture network was simulated 
using the DFN model, where the primary DFN  
models were generated in three dimensions by 
circular discs using the classical Baecher approach 
[61], and then 2D sections from these models were 
considered for numerical analyses in universal 

distinct element code (UDEC). The model 
dimension was set 10 times the tunnel width to 
minimize boundary effects (Figure 3). There 
jointing conditions of slightly fractured (P32=0.5 
m2/m3), moderate fractured (P32=1.0 m2/m3) and 
highly fractured (P32 = 1.5 m2/m3) were considered, 
as shown in Figure 4. 

 

 

 
(a) (b) 

Figure 3. a) The geometry of tunnel and b) A typical generated DFN model (P32 = 1.0 m2/m3) 

   
(a) P32 = 0.5 m2/m3 (b) P32 = 1.0 m2/m3 (c) P32 = 1.5 m2/m3 

Figure 4. DFN patterns for different fracture intensities 

The rock mass was considered discontinuous, 
and the intact rock was assumed isotropic. The 
vertical cross-section of the tunnel is subjected to 
major and minor vertical principal stresses, as well 
as a horizontal stress component, with values of 
 ,30.77MPa=3ߪ 50.45MPa, and=2ߪ ,53.59MPa=1ߪ
respectively. However, 2ߪ is the out-of-plane 
component, while 1ߪ is inclined at an angle of 2.11 
degrees clockwise relative to the horizontal axis. 
The lower boundary condition of the model was 
fixed, and the in-plane horizontal principal stress of 
53.59 MPa was applied to the left and right 
boundaries of the model. However, the vertical 
stress of 30.77 MPa was applied to the upper 
horizontal boundary, based on the in-situ stress 

condition. The intact rock was considered 
deformable and linear elastic, with the Mohr-
Coulomb failure criterion. The Mohr–Coulomb 
failure criterion has been commonly employed in 
geomechanical modeling, likely due to its 
computational efficiency in numerical codes and 
the widespread availability of its input parameters 
(cohesion and friction angle) in previous studies 
[62]. The mechanical properties of the intact 
material are summarized in Table 1. It should be 
noted that the validity of the model was first 
evaluated using the Kirsch models for a circular 
tunnel.  Then, based on the tunnel dimension of El 
Teniente mine and fracture intensities, the 
numerical models were created. The plot of 
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displacement magnitude for P32=1.0 m2/m3 is 
shown in Figure 5. Finally, the extent of the plastic 
zone was measured using a fish function after 
reaching the static equilibrium condition, and the 
value of the plastic zone extent was considered as 
EDZ. 

Table 1. Mechanical properties of the intact rock 
Properties Values 

Density (kN/m3) 28 
Young modulus (GPa) 55 
Poisson’s ratio 0.25 
Internal friction angle (Deg.) 43 
Cohesion (MPa) 25 
Peak tensile strength (MPa) 13 
Residual tensile strength (MPa) 13 

3.2. Sensitivity analysis 

In this study, the effect of four parameters of 
joint normal stiffness (kn), joint shear stiffness (ks), 
joint friction angle (߮), and joint cohesion (C) on 
the EDZ was investigated. The extent of the plastic 
zone around the tunnel can lead to breakouts, 

collapses, and rock bursts. Therefore, the extent of 
the plastic zone around the tunnel was used as the 
criterion for tunnel EDZ. Each of these factors was 
varied within the specified range noted in Table 2, 
and the effect of these variations on the area of the 
plastic zone was investigated. 

 
Figure 5. Displacements of the basic moderate fractured 

model (P32=1.0m2/m3) 

Table 2. The studied parameters, their basic values, and their possible ranges 
Parameter name Basic value Variation range  

Normal stiffness (GPa/m) 114 100-350 
Shear stiffness (GPa/m) 38 10-110 
Joint friction angle (Deg.) 40 10-40 
Joint cohesion (kPa) 38 20-120 

 
4. Results and Discussion 

The basic numerical model with the parameters 
shown in Table 2 was first constructed. Then, by 
keeping all other parameters constant and varying 
one parameter within the specified range, the 
changes in EDZ extent are investigated by 
measuring the plastic zone extent (Figure 6). 
Subsequently, correlation functions between each 
parameter and EDZ extent was developed, and the 
corresponding sensitivity functions were 
determined. Finally, a dimensionless sensitivity 
factor was derived for each parameter from its 
sensitivity function. 

4.1. Parametric study of joint mechanical 
properties 

Based on the undertaken numerical analyses for 
each fracture intensity, the correlation between 
joint normal stiffness, shear stiffness, friction 
angle, and cohesion with EDZ was determined, and 
the results are presented in Figures 7 to 9. The 
results show that the increase in joint normal 
stiffness results in a decrease in the size of EDZ. 
The joint normal stiffness at block interfaces 

controls normal deformation and overlap between 
blocks and decreases the deformation 
characteristics of blocks at the tunnel boundary. 
Therefore, the increase in joint normal stiffness 
leads to a decrease in the extent of the plastic 
(damage) zone around the tunnel. 

The shear behavior of rock joints before failure 
is predominantly controlled by the shear stiffness 
of the joint surfaces, while the joint friction angle 
governs the shear response both before and after 
the onset of shear failure. This is attributed to the 
fact that the joint peak and residual friction angles 
are identical across all models. The reduction in 
joint shear stiffness leads to the formation of more 
fractures at the specified stress condition. These 
early fractures weaken the joint system. As loading 
continues, more blocks experience stress 
concentrations caused by their rotations, and 
thereafter, the extent of damage is increased. 
However, the shear slip on joint surfaces is 
controlled by the joint friction angle. The EDZ is 
more significantly controlled by the joint friction 
angle, and the increase in joint friction angle can 
considerably suppress block movements and the 
corresponding reduction in the damage zone. The 
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increase in cohesion of joint surfaces resulted in a 
decrease in EDZ size. However, a specific 
statistically significant equation was not found in 
the studied range of 20 to 120 kPa for fracture 
intensities of 0.5 to 1.5 m2/m3.  

Both cohesion and friction angle along joint 
surfaces play a fundamental role in preventing slip 
between adjacent rock blocks. Slip along 
discontinuities promotes both translational and 
rotational movements, which in turn elevate the 
shear and compressive stresses acting on the 
blocks. A reduction in cohesion or friction 
facilitates such displacements, leading to a higher 

number of blocks and triangular mesh elements 
exceeding their yield thresholds. As a result, lower 
cohesion values contribute to a greater extent of the 
excavation damaged zone (EDZ), whereas higher 
cohesion suppresses plastic deformation. This 
inverse relationship between these two factors and 
EDZ size is clearly illustrated in Figures 7 to 9. 
Accordingly, a decreasing trend in EDZ extent is 
observed across all three levels of fracture 
intensity. However, the data of cohesion do not 
exhibit a strong correlation that would allow for an 
accurate regression fit. 

 

  
(a) (b) 

Figure 6. Plastic zone around the models for P32 = 1.0m2/m3 indicated by the Mohr Coulomb failures criterion for a) ߮ = 10ᵒ 
and b) ߮ = 30ᵒ 

4.2. Dimensionless sensitivity analysis of 
parameters 

Direct interpretation of Figures 7 to 9 does not 
provide a definitive assessment of parameter 
sensitivity, primarily due to the differing units and 
variation ranges among the input variables. To 
enable a meaningful sensitivity analysis, it is 
essential to establish a functional relationship 
between each input parameter (e.g. normal 
stiffness) and the system response (EDZ extent). 
Among several candidate regression models, the 
fitted curves presented in Figures 7 to 9 were 
selected based on their ability to closely replicate 
the numerical results. These regression equations 
serve as the basis for quantifying the relative 
influence of each factor on the behavior of the rock 
mass around the tunnel. As explained earlier, 
dimensionless sensitivity indices are required for a 
consistent comparison of parameter effects. In this 
study, the sensitivity factors for each parameter 
were determined using the methodology described 
in Section 2.3, and the results are summarized in 
Table 3. These dimensionless indices enable a 
direct comparison of the influence of parameters 

with differing physical units and scales. Based on 
the dimensionless factors summarized in Table 3 
and comparing the impact of each factor on the 
damage area, it can be concluded that the joint 
friction angle is the most effective parameter on the 
EDZ in all fracture intensities. It is interesting to 
note that the impact of joint friction angle is 
considerably higher in moderately fractured rocks, 
compared to slightly and highly fractured rock 
masses, which is due to the joint system network of 
DFN. The friction angle of joint surfaces is the 
most important factor in EDZ extent in all three 
fracture intensities of P32. The sensitivity analysis 
factors show that the role of joint friction angle in 
moderately fractured rock is approximately 11 and 
28 times greater than that of shear stiffness and 
normal stiffness, respectively. 

The normal stiffness of joint surfaces is the least 
effective factor in EDZ extent in the fracture 
intensities of P32. As this parameter control the 
normal deformability of rock blocks at joint 
interfaces, the increase in normal stiffness results 
in a decrease in normal overlap between blocks, 
less deformation of the tunnel, and the 
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corresponding decrease in extent of EDZ. 
However, this parameter can only slightly alter the 
EDZ zone compared to shear strength parameters 

due to the significant role of shear stresses at block 
interfaces in generating the EDZ of jointed rock 
masses. 

 

 
Figure 7. Sensitivity analysis on the effect of joint mechanical properties on the extent of EDZ for P32=0.5m2/m3: a) Effect of 

joint normal stiffness, b) Effect of joint shear stiffness, c) Effect of joint friction angle, d) Effect of joint cohesion 

 
Figure 8. Sensitivity analysis of the effect of joint mechanical properties on the extent of EDZ for P3 2 = 1.0m2/m3: a) Effect of 

joint normal stiffness, b) Effect of joint shear stiffness, c) Effect of joint friction angle, d) Effect of joint cohesion 
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Figure 9. Sensitivity analysis on the effect of joint mechanical properties on the extent of EDZ for P32=1.5m2/m3: 

a) Effect of joint normal stiffness, b) Effect of joint shear stiffness, c) Effect of joint friction angle, d) Effect of 
joint cohesion. 

Table 3. Sensitivity factors for three DFN models 
 P32=0.5 P32=1.0 P32=1.5 
*
nkS  0.1197 0.0888 0.0940 

*
skS  0.1880 0.2240 0.2290 
*S  1.7002 2.4501 1.4377 
*
CS  - - - 

 
5. Conclusions 

Estimation of the Excavation Damage Zone 
(EDZ) is of critical importance in underground 
space and tunneling projects. In this study, the 
effect of joint mechanical and geometrical 
properties on the EDZ was investigated using 
combined DFN-DEM numerical models. Three 
DFN models having fracture intensities P32 of 0.5, 
1.0, and 1.5 m2/m3 were generated, and 2D sections 
were imported into UDEC. Sensitivity analyses on 
the effect of joint normal stiffness, shear stiffness, 
friction angle, and cohesion were conducted to 
evaluate the impact of these parameters on the EDZ 
around a tunnel in jointed rock masses. The extent 

of the plastic zone was considered as the EDZ 
criterion. In this study, the EDZ was quantified by 
identifying all triangular mesh elements within the 
intact rock that exhibited plastic yielding under 
either shear or tensile conditions, as governed by 
the Mohr-Coulomb failure criterion. The 
cumulative area of these yielded elements was 
calculated and considered as a representative 
measure of the EDZ extent. The analysis quantified 
the EDZ extent predictions based on variations in 
joint surface parameters. The results indicate that 
the joint friction is the most influential parameter 
on EDZ extent. The influence of the joint friction 
angle on the extent of the EDZ was considerably 
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greater than other factors in all fracture intensities. 
The increase in joint cohesion resulted in a 
decrease in EDZ size, but no statistically 
significant correlation was found in the studied 
range of 20-120 kPa. The influence of joint shear 
stiffness on EDZ extent was found to be significant 
a decrease was found in EDZ with an increase in 
joint shear stiffness. The increase in joint normal 
stiffness also showed a slight decreasing trend in 
EDZ extent at all fracture intensities due to its 
effect on normal deformability of blocks at joint 
interfaces. 
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 خسارت  حدودهم توسعه  ریتاثتحت یتوجهقابل  طوربه هاسنگتوده درزیرزمینی  حفریات و هاتونل يداریپا
 در.  دهندی م  تحت تاثیر قرار  را  گیشکست  گسترش  هیناح  و  تنش  عیتوز،  هایوستگیناپ  آن  در  که  ،باشدمی  يحفار

  نظر   در  وستهیپ  طی مح  کی  عنوان به  غالباً  سنگ  توده  ،قبلی انجام شده بر روي زون خسارت حفاري  مطالعات
  هدف .  داري قرار گیرد تواند تحت تاثیر سیستم درزهوسعت زون خسارت حفاري می  که  یحال  در  ،شدی م گرفته

  از   استفاده  با  دارهدرز  یسنگتوده  در  شده  يحفار  تونل  کی  اطراف  درزون خسارت حفاري    یبررس  پژوهش،  نیا
 داريدرزه  يهاشدت  مجزا با  گیشکست  شبکه  مدل  سه.  باشدمی  المان مجزا  و  مجزا  گیشکست  شبکههاي  روش

 خسارت تکامل و  شروندهیپ شکست يهاسم یمکانمتر مربع بر متر مکعب  ساخته شد تا   5/1و    1/ 0، 0/ 5  مختلف
. شدند   وارد  المان مجزا  کدبه    مجزا  گیشکست  شبکه  يهامدل   سپس.  مورد بررسی قرار گیرد  تونل  اطراف  در
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