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Abstract: Accurate analyzing the scope of tunnel excavation failure zone has important guidance and engineering significance in 
determining support parameters reasonably. This study focuses on the identification methods of tunnel surrounding rock failure zone, 
specifically the continuous medium analysis method and the continuous-discontinuous method represented by the finite 
element-discrete element coupling method (FDEM). Firstly, the continuous medium analysis method and FDEM identification 
criteria for surrounding rock failure are studied. Then the rock mass is divided into elastic rock elements and elastic-plastic interface 
elements. Based on the concept of equivalent continuous model, the relationship between the mechanical parameters of interface 
elements and rock elements and rock mass element is mathematically derived. The connection between the parameter values of these 
two methods is established for the first time, resolving the challenge of determining values in the continuous-discontinuous method. 
Finally, the ranges of surrounding rock failure zones simulated by these two methods during the excavation process of railway tunnels 
with different lithology and cross-sections are compared. According to the range of mechanical parameters for each class of 
surrounding rock mass in the specification, the range of values for the main failure parameters of surrounding rock, such as penalty 
parameter and fracture energy, in FDEM, is given for each class of surrounding rock. The simulation results of railway tunnel 
excavation with different lithology and cross sections using the continuous medium method represented by FLAC3D and FDEM 
method show that the plastic zone obtained by the continuous medium method, and the failure zone obtained by the plastic limit strain, 
as well as the crack growth zone and failure zone obtained by the continuous-discontinuous method, are generally consistent in terms 
of distribution range, shape and failure mode. The method proposed in this article for determining the failure parameters of 
surrounding rock in FDEM is verified as reasonable and feasible. 
Keywords: continuous-discontinuous method; FDEM; tunnel; identification of failure zone; parameter values; continuous medium 
analysis method 

1  Introduction 

With the vigorous development of Belt and Road 
Initiative in China, numerous strategic and lifeline 
projects, including the construction of tunnels, will be 
undertaken in the regions involved. Examples of these 
projects include the Dianzhong Water Diversion project 
and the West Route of the South-to-North Water 
Diversion project. Tunnels play a crucial role as a key 
component in major infrastructure projects, ensuring 
the security of resources for our country and friendly 
nations, and promoting social and economic develop- 
ment. They are an essential part of national construction 
and lifeline projects, and are also of paramount 
importance in terms of safe operation. Unloading 
induced by excavation causes stress redistribution in 
surrounding rock masses around the tunnel. Based on 
the extent of disturbance, the area near the excavation 
face can be divided into the in-situ stress zone, the 
soil-arch bearing zone (or plastic zone), and the loose 
failure zone[1]. The range and depth of the excavation 
failure zone play an important guiding role in 

determining the appropriate support parameters[2]. Plus, 
the condition of the working face is also determined 
by the range of the loose failure zone and whether 
effective and timely support measures are taken. Therefore, 
accurate analysis of the range of the excavation failure 
zone is of great engineering significance. 

Regarding the failure zone of tunnel surrounding 
rocks, various theoretical formulas have been put 
forward, such as the natural collapsed arch theory [3] 
(for shallow-buried tunnels), the maximum horizontal 
stress theory[4] (for deep-buried tunnels), the surrounding 
rock loosened zone theory[5] (for deep-buried tunnels), 
and Fenner formula and Kastner formula[6–7] (for 
deep-buried tunnels). However, most of these theories 
are qualitative descriptions, making it difficult to 
quantitatively analyze the extent of the failure zone of 
surrounding rock masses. Fenner formula and Kastner 
formula can usually solely calculate the range of the 
failure zone under hydrostatic pressure. Numerical 
simulation methods have undergone significant 
advancements, with those based on the continuum 
medium being relatively straightforward and not 
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demanding high-performance computing equipment. 
As a result, they have become the primary approach 
for analyzing the excavation failure zone of surround- 
ing rock masses. For example, the excavation failure 
zone of tunnels has been numerically simulated using 
COMSOL by Huang et al.[8] and Hu at al.[9], using 
FLAC by Wu et al. [10], Chen et  al. [11], Liu et al. [12] 
and Yuan et  al. [13], using Phase2 by Li et al. [14], and 
using ABAQUS by Lei et al[15]. These software 
programs are based on the continuum medium theory 
and adopt ideal elastoplastic constitutive models for 
rocks. Therefore, the results of the failure zone in 
surrounding rock masses only indicate that the stress 
of surrounding rock masses exceeds its yield strength, 
but it does not necessarily mean that the surrounding 
rock masses are fractured, as they can still bear the 
load even in a plastic state[16]. To more accurately 
describe the post-peak softening state of rocks, the 
strain softening model [17], the elastoplastic damage 
model [18], and the elastoplastic brittle model[19] have 
been successively introduced into the analysis of the 
excavation failure zone of surrounding rock masses, 
achieving good results. However, Ma et al.[20] found 
that although the results using these methods is 
comparable with the field observation of brittle failure 
of tunnel surrounding rocks, the resultant range of the 
failure zone is larger. This attribute to a fact that the 
surrounding rocks maintain its continuity even after 
failure, which is conducive to the stress transfer 
between rock blocks and the development of the 
damage zone. In response to this, the continuous- 
discontinuous method, which can capture the entire 
progress of crack initiation, propagation, and coalescence, 
and better simulate the rock failure, has been applied. 
It combines the advantages of both continuous and 
discontinuous methods, where the initial state of the 
medium is considered as a continuum, and it can be 
transformed into a discontinuous medium based on the 
stress state during loading. Li et al.[21] used an 
improved PFC-FLAC discrete-continuous coupling 
method to study the microscopic mechanism and 
failure characteristics of local rock damage caused by 
underground chamber excavation. Ma et al.[20] 
compared the brittle failure characteristics of circular 
tunnel surrounding rocks using continuous and 
continuous-discontinuous methods, and found that the 
results obtained by continuous-discontinuous methods 
are closer to the field observation. Deng et al.[22–23] 
adopted the finite element-discrete element coupling 
method (FDEM) to simulate the fracturing and 
expansion process of deep tunnels, revealing the 
degree of rock fragmentation and the range of crack 
propagation. However, this method also has its 
limitations, such as the difficulty in determining model 
parameters. Although extensive research on parameter 
values for the continuous-discontinuous method has 
been conducted, suggested or trial values are usually 
offered, without reasonable theoretical formulas[24–25]. 

In addressing the aforementioned issues, this paper 
examines two methods: the continuous medium 

method and the continuous-discontinuous method 
represented by FDEM. Based on the basic theories and 
constitutive models of these two methods, the paper 
focuses on the criteria for identifying rock mass failure, 
and for the first time, establishes a theoretical 
connection between the parameter values of these two 
methods, thus solving the problem of parameter 
determination in the continuous-discontinuous method. 
Firstly, the criteria for identifying rock mass failure 
using the continuous medium method and FDEM were 
investigated. Secondly, rock masses were divided into 
elastic rock elements and elastoplastic interface elements. 
Based on the concept of an equivalent continuous 
model, the relationships between the mechanical 
parameters of the interface elements and the mechanical 
parameters of the rock elements as well as the rock 
mass elements were derived, thereby establishing the 
mathematic relationship between the mechanical 
parameters of rock as well as rock masses and the 
algorithm parameters of surrounding rock failure. 
Finally, the differences between the two methods, in 
simulating the range and failure pattern of the failure 
zone of surrounding rocks during the excavation of 
railway tunnels with different lithology and cross- 
sections, were compared. 

2  Criteria for identifying rock mass failure 
using the continuous medium method and 
FDEM 

2.1 Continuous medium method 
From experimental results, rock materials generally 

go through elastic, peak, post-peak and residual stages, 
prior to final failure. To describe the mechanical 
properties of rock materials, classical ideal elastoplastic 
constitutive models were developed, such as the 
Mohr-Coulomb yield criterion, which can identify the 
transition from elasticity to plasticity, but cannot 
determine the state from plasticity to failure. To 
modify this type of model, Abell et al.[26] introduced 
the concept of ultimate strain. As shown in Fig. 1, the 
stress and strain of the rock element is denoted as  
and , respectively. The strains at which the rock 
element enters the plastic and failure state are denoted 
as the elastic and plastic ultimate strain, y and f , 
respectively. f  can be obtained as follows: 

1 2
f

3

  
                                （1） 

 

 
Fig. 1  Ideal elastoplastic constitutive model 

Elastic stage Plastic stage Failure stage
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where 1 and 2 represent the first and second 
principal strains, respectively. If strain exceeds f , 
the rock element has undergone failure. 
2.2 FDEM 

FDEM is a method that combines the continuum 
method and the discontinuum method to study the 
process of rock failure and crack propagation. This 
method discretizes the simulation region into triangular 
finite elements, and inserts four-node joint elements 
with adhesive properties along the boundaries of finite 
elements. The transformation of the material from a 
continuous state to a discontinuous state is achieved 
through the softening and failure of the joint elements 
(Fig. 2). 
 

 
Triangle element    Quadrilateral joint element 

Fig. 2  Grid division principle in FDEM 

 
Regarding the changes in mechanical properties 

near the crack tip, FDEM employs a cohesive fracture 
model that divides the stress–strain curve prior to 
macroscopic crack initiation into two parts, as shown 
in Fig.3, where tf , sf and rf  represent the tensile 
strength, shear strength, and residual shear strength of 
the joint element, respectively, and i and r  denote 
the internal friction angle and residual internal friction 
angle of the joint element, respectively. 

（1）Before the peak deformation——strain hardening 
stage 

fn
p,   

p
o o o

h
                             （2） 

fs
p,     

p
s s s

h
                             （3） 

where  is the shear stress on the joint element; 

fnp and fsp represent the normal and tangential penalty 
parameter of the joint element, respectively; 
o and s represent the normal opening displacement and 
shear sliding displacement of the joint element, 
respectively; and po  and ps denote the displacement 
of the normal and tangential displacement of the joint 
element at the yield point, respectively; and h 
represents the size of the FDEM grid. 

（2）After the peak deformation——strain softening 
stage 

r

p
I p r( )d , o

o
G o o o o o                      （4） 

r

p
I pI r( )d ,  

s

s
G s s s s s                      （5） 

where IG and IIG  represent the tensile and shear 
fracture energy of the joint element, respectively. 

ro and rs denote the normal and tangential 
displacement of the joint element at the failure point, 
respectively. 
 

 
Fig. 3  Stress–strain relationship of joint elements in FDEM  

 
The joint element will break once its strain reaches 

the limit. As an illustrative example, the tensile failure 
is shown in Fig.4. The opening displacement of the 
joint element is in the elastic stage before the critical 
value po ; the damage representing microcracks begins 
to appear when the opening displacement reaches the 
critical value, and the material enters the softening 
stage; and at this point, the strength of microcracks 
does not abruptly decrease to zero, but rather gradually 
diminishes as the displacement increases. It continues 
to decrease until the opening displacement reaches the 
ultimate limit, at which point the strength is reduced to 
zero. This leads to the failure of the joint element and 
the emergence of macrocracks. 

 

 
Fig. 4  Initiation and opening of joint elements 

 in FDEM 

3  Determining parameters of FDEM 

The calculation in FDEM requires many micro 
parameters. According to the methods of obtaining 
these parameters, they can be divided into three 
categories [27]. The first category includes physical and 
mechanical properties of rocks, such as density  , 
elastic modulus E, Poisson's ratio  , cohesion c, 
internal friction angle  , and tensile strength sT .  
The second category includes normal np and tangential 
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sp  penalty parameters for triangular solid elements, 
respectively, as well as normal fnp and tangential fsp  
penalty parameters for quadrilateral joint elements, 
respectively. The third category is fracture energy 
release rate IG  and IIG for tensile and shear failure of 
joint elements, respectively. The first category of 
mechanical parameters can be obtained through basic 
rock mechanics tests, such as uniaxial compression 
and Brazilian splitting tests. For the second category 
of penalty parameters, those for triangular elements, 

np and sp , can reflect the deformation characteristics 
of intact rock blocks prior to yielding. Hence, their 
values can be equal to the elastic modulus E of intact 
rock blocks [28]. However, the penalty parameters for 
joint elements and the fracture energy parameters in 
the third category cannot be obtained through rock 
tests. In the current research on FDEM parameter 
calibration, Deng et al.[23] obtained the penalty 
parameters for joint elements and fracture energy 
through numerical simulation and calibration of 
uniaxial and Brazilian splitting tests. However, they 
did not provide a theoretical basis for determining 
those values. It has been demonstrated that the failure 
of tunnel rock masses is mainly shear [29]. This study 
hence focuses on the shear failure of joint elements in 
FDEM, and derives the relationships between the 
penalty parameters fnp and fsp  of joint elements as 
well as shear fracture energy IIG  and mechanical 
parameters of rock and rock mass elements. 

3.1 Theory of homogenization 
The theory of homogenization treats the structural 

planes in geomaterials as weak interlayers with a 
certain thickness, and rock mass elements are divided 
into rock elements and joint elements, as shown in Fig. 
5. To simplify calculation, this study only considers 
two-dimensional plane stress conditions. The stress 
 and strain  components of elements include 

T{ , , }x y xy   and T{ , , }x y xy   , respectively. The relative 
displacement between the joints and the rock occurs 
within the joint units, while the two interfaces remain 
fully bonded. In the vicinity of the joints, according to 
the volumetric proportion between the joints and the 
rock, the stress and strain increments of the equivalent 
rock mass element satisfy the Eqs. (6) and (7): 

m r r j jd d dn n                           （6） 

m r r j jd d dn n                            （7） 

where superscripts m, r, and j represent the rock mass 
element, rock element, and joint element, respectively. 
Parameters rn  and jn  represent the volume percentage 
of the rock element and joint element, respectively. If 
the assumed equivalent area has two parallel surfaces 
to the joint, the values of rn  and jn  are determined 
using the equations r 1 /n t h   and j /n t h , 
respectively, where t is the thickness of the joint 
element and h is the overall thickness of the equivalent 
area. 

 

     
 

  (a) A cavity in rock masses with numeroius joints   (c) Constitutive relationship of equivalent rock mass   (d) An equivalent cavity in rock masses 

Fig. 5  Schematic diagram of homogenized equivalent rock masses 

 

3.2 Deduction of failure parameters in FDEM  
3.2.1 Stiffness coefficient 

The homogenization theory requires that the yield 
point and failure point of the joint element and the 
equivalent rock mass element remain consistent. When 
the joint element reaches its yield point and failure 
point, the rock mass element also reaches its yield 
limit and failure limit simultaneously. Figure 6 shows 
the stress–strain curves for rock, joints, and rock mass 
elements, which adopt elastic, elastoplastic and ideal 
elastoplastic constitutive models, respectively. 
According to the research of Abler et al.[26], the limit 
elastic strain m

a  and m
a , limit plastic strain m

b  
and m

b , and strength at both the yield tf  and failure 
points sf , can be determined for the rock mass 
element. By substituting the limit strain of the rock 
mass element at the yield point and failure point into 

the stress equilibrium equation (Eq.(6)) and the strain 
compatibility equation (Eq.(7)), the limit strain of the 
joint element at the yield point and failure point can be 
obtained: 

r m
j m
a ar

( )h E E

E
 

                          （8） 

r m
j m
a ar

( )h G G

G
 

                         （9） 

j m m j
b b a a( )h                             （10） 

j m m j
b b a a( )h                             （11） 

where mE represents the elastic modulus of 
engineering rock masses, which is determined based 
on the rock mass quality rating standard RQD.  rE is 
the elastic modulus of intact rock, which is obtained 

Joint

Rock
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rock 
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h
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A

B

C
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(
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through uniaxial compression tests. mG and rG   
denote the shear moduli of engineering rock masses 
and intact rock, respectively, which can be calculated 

using /G E (1 ) , where E and denote the elastic 
modulus and Poisson's ratio of the rock material, 
respectively. 

 

        
           (a) Rock elements-linear elasticity              (b) Joint elements-elastoplasticity          (c) Rock mass unit-ideal elastoplasticity 

Fig. 6  Constitutive relationships of rock, joint, and rock mass 

 

3.2.2 Penalty parameters 
The stress–strain relationship of the joint element 

during the linear elastic stage can be expressed as a 
stiffness matrix e[ ]K . 

Nj e

S

0
d [ ] d

0

K
K

K

 
   

 
g                  （12） 

where NK and SK  represent the normal and tangential 
stiffness coefficients of the joint element in the linear 
elastic stage, respectively. According to Hooke's law, 
by combining Eqs.(8) and (9), we can obtain: 

r m r m
t s

N Sj r m j r m
a a

 ,   
( ) ( )

f fE E G G
K K

h E E h G G 
   

 
（13） 

The slope of the stress–displacement curve of the 
FDEM joint element in the pre-peak stage is the 
pre-peak stiffness coefficient of the joint element in 
the equivalent continuous model of the rock mass. 
Therefore, by combining Eqs.(2), (3) and (13), the 
formula for solving the penalty parameters of the joint 
element can be obtained. 

r m

fn r m( )

E E
p

E E



                          （14） 

r m

fs r m( )

G G
p

G G



                          （15） 

Eqs.(14) and (15) give the relationship between 
the basic mechanical parameters of rocks and rock 
masses and the penalty parameters of joint elements in 
the FDEM algorithm. 
3.2.3 Fracture energy 

After yielding, the strain-softening stage of the 
FDEM joint element can be approximated using linear 
 

fitting[30]. The slope is different from that before 
yielding, and the area enclosed by the curve in the 
post-yield stage represents the fracture energy of the 
element. Therefore, the shear fracture energy IIG of 
the joint element can be derived as follows: 

j jj
b a

s sII 2 2
G f f

  
                    （16） 

where j  is the displacement change of the joint 
element in the post-yield stage. Combining Eqs.(9), 
(11) and (16), the following Eq. (17) can be obtained: 

m m m m m
m

II bm m m

cos 2 (1 )cos
( )

2 3(1 sin ) 3 (1 sin )

hc c
G

E

  
 


 

 
（17） 

where mc and m represent the cohesion and internal 
friction angle of the equivalent rock mass element, 
respectively. 

Eq.(17) provides the relationship between rock 
mass mechanical parameters and the fracture energy of 
joint elements in the FDEM algorithm. 
3.3 Surrounding rock mass failure parameters 

Based on the relationship the between mechanical 
parameters of rock or rock masses and the fracture 
algorithm parameters of surrounding rock masses 
derived in Section 3.2, the range of characteristic 
parameter values in FDEM can be calculated for 
different classes of surrounding rock masses. A railway 
tunnels is presented as an example, the mechanical 
parameter values for each class of surrounding rock 
masses are listed in Table 1[31]. Taking the intact rock 
blocks of coarse-grained diorite as an example, the 
penalty parameters and fracture energy for joint 
elements can be calculated, as listed in Table 2. 

 Table 1  Mechanical parameters of surrounding rocks and intact rock blocks with different classes 

Surrounding rock mass class 
Intact rock blocks Engineering rock masses 

Elastic modulus rE  
/GPa 

Poisson's ratio r Elastic modulus mE
/GPa 

Poisson's ratio m Cohesion mc  
/MPa 

Internal friction angle 
m /(°) 

II 50 0.28 20～30 0.2～0.25 1.5～2.1 50～60 
III 50 0.28 6～20 0.25～0.3 0.7～1.5 39～50 
IV 50 0.28 1.3～6 0.3～0.35 0.2～0.7 27～39 
V 50 0.28 < 1.3 0.35～0.45 < 0.2 20～27 

Note: The data of intact rock blocks are from laboratory test results of coarse-grained diorite samples. 

Yield point Yield point Failure point

(
)

 

(
)

 

(
)

 

Failure point

( ) 

t s( )f f

r r( )E G

N S( )K K
m m( )E G

j j
a a( )  j j

b b( )  m m
a a( )  m m
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Table 2  Mechanical parameters of joint elements in surrounding rocks with different classes 
Surrounding 
rock mass 

class 

Normal stiffness 
/GPa 

Tangential 
stiffness 

/GPa 

Penalty parameters /(GPa·h) Shear strain limit /‰ Shear fracture 
energy G 
/(J·m–2) fnp  fsp  j

a  j
b  

II 333–750 133.0–333.0 33.0–75.0 13.30–33.30 0.30–0.36 0.43–0.52 15.0–26.0 
III 68–333 26.0–133.0 6.8–33.3 2.60–13.30 0.36–0.37 0.52–0.54 7.0–15.0 
IV 13–68 4.9–26.0 1.3–6.8 0.49–2.60 0.37–0.39 0.54–0.57 1.7–7.0 
V 2–13 4.5–4.9 0.2–1.3 0.45–0.49 0.36–0.39 0.50–0.65 1.3–1.7 

Note: The grid size is chosen as 0.1 m. 
 

4  Comparative analysis of simulating tunnel 
excavation process using FLAC3D and FDEM 

The finite difference method FLAC3D and FDEM 
were adopted to simulate the tunnel excavation process 
under different rock mass classes and different cross- 
sections. The geometric dimensions of the models and 
the mechanical parameters of the surrounding rocks 
were the same in both methods. The tunnel sections 
were the double-line tunnel section for high-speed 
railways with a speed of 350 km/h and the single-line 
tunnel section for mixed passenger and freight 
railways with a speed of 160 km/h [2]. The classes III 
and IV surrounding rock mechanical parameters were 
determined based on the  Specifications for  design of 
highway tunnels (section 1) (JTG 3370.1－2018) [31], 
and are taken as the 1/2 quantile value. According to 
Tables 1 and 2, the calculation parameters are finally 
determined, as listed in Tables 3 and 4. For FDEM, the 
calculation grid uses a uniform grid with an element 
length of 0.1 m, while the FLAC3D model uses the 
Mohr-Coulomb constitutive model. The simulation 
results using these two methods are shown in 
Figs.7–10. From Figs.7–10, it can be observed that the 
simulation results of tunnel excavation using FLAC3D 
and FDEM are basically consistent under the same 
condition. The distribution of the plastic zone and the 
crack zone calculated using both methods matches 
well, which primarily locate at the spandrel, sidewall, 
and arch feet, and the overall distribution range is 
arc-shaped, with the widest distribution at the sidewall. 
For the class IV surrounding rock masses, the depths 
of the plastic zone and crack zone almost equal the 
tunnel diameter, and there are also a small number of 
distributions at the arch crown and inverted arch, as 
shown in Figs. 7(a), 7(c), 8(a), and 8(c). As the rock 
mass strength  increases to class III, the distribution 
range of the plastic zone and crack zone sharply 

decreases, only distributed in the shallow part of the 
excavation section, while the rock mass at the arch 
crown and inverted arch positions remains intact, as 
shown in Figs. 9(a), 9(b), 10(a), and 10(b). Comparing 
the rock mass failure zones calculated by the two 
methods, it can be found that for class IV surrounding 
rock masses, the size and distribution of the failure 
zone of two tunnels after excavation are basically 
similar, both are distributed at the spandrel, sidewall, 
and arch feet, presenting a V-shaped pattern, as 
illustrated in Figs. 7(b) and 7(d). Furthermore, with 
increasing the height-span ratio of the tunnel section, 
the V-shaped opening of the failure zone becomes 
larger, as presented in Figs. 8(b) and 8(d), and the 
worst damage occurs at the sidewall for all tunnels. 
For class III surrounding rock masses, although plastic 
zones or crack zones are produced for two tunnels, 
rock masses exhibits small deformation. FLAC3D 
results indicate that no failure zone is produced for 
class III surrounding rock masses. Also one can see 
from Figs. 9(c) and 10(c) that the tunnel remains stable 
when using FDEM. Finally, the simulation results using 
these two methods show that they also have similarities 
in the failure pattern of rock masses, mainly 
characterized by shear failure, with slight tensile failure 
in the shallow part of the excavation section. 

Due to the differences in failure parameters and 
failure criteria between the two methods, there are also 
differences in the simulation results. For example, the 
FDEM simulation results show that the depth of the 
failure zone is slightly smaller than that of FLAC3D 
results, as shown in Figs. 7(b), 7(d), 8(b), and 8(d). 
This can be attributed to the fact that in the continuum 
model, rock masses retain its continuous properties 
after failure, which is conducive to the transfer of 
stress between rock blocks, thereby promoting the 
expansion of the failure zone. In contrast, FDEM    
is able to better simulate the loosening, spalling, and  

 

 Table 3  Mechanical parameters of surrounding rocks and intact rock blocks with different classes used in two methods 

Surrounding rock mass class 
Intact rock blocks Engineering rock masses 

Elastic modulus rE  
/GPa 

Poisson's ratio r Elastic modulus mE
/GPa 

Poisson's ratio m Cohesion mc  
/MPa 

Internal friction angle 
m /(°) 

III 50 0.28 13.00 0.275 1.10 44.5 
IV 50 0.28  3.65 0.325 0.45 33.0 

 

  Table 4  Mechanical parameters of joint elements in surrounding rocks with different classes used in two methods 

Surrounding 
rock mass 

class 

Stiffness /GPa Penalty parameters /(GPa·h) Shear strain limit /‰ 
Shear fracture 

energy G 

NK  SK  fnp  fsp  
a
j  b

j  /(J·m–2) 

III 200.5 79.50 20.05 7.950 0.365 0.530 11.00 
IV 40.5 15.45 4.05 1.545 0.380 0.555 4.35   
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(a) Plastic zone (FLAC3D)                                  (b) Failure zone (FLAC3D) 

 

         
(c) Crack zone (FDEM)                                      (d) Failure zone (FDEM) 

Fig. 7  Simulation results of excavation of the tunnel at a speed of 350 km/h in Class IV surrounding rocks 
 
 

           
(a) Plastic zone (FLAC3D)                                (b) Failure zone (FDEM3D) 

 

          
(c) Crack zone (FDEM)                                     (d) Failure zone (FDEM) 

Fig. 8  Simulation results of excavation of the tunnel at a speed of 160 km/h in Class IV surrounding rocks 

 

     
(a) Plastic zone (FLAC3D)                    (b) Crack zone (FDEM)                   (c) Failure zone (FDEM) 

Fig. 9  Simulation results of excavation of the tunnel at a speed of 350 km/h in Class III surrounding rocks 
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(a) Plastic zone (FLAC3D)                   (b) Crack zone (FDEM)                     (c) Failure zone (FDEM) 

Fig. 10  Simulation results of excavation of the tunnel at a speed of 160 km/h in Class III surrounding rocks 

 

collapsing processes of surrounding rock masses after 
excavation disturbance, which is more in line with 
actual engineering conditions. It should also be noted 
that in FDEM, cracks are generated in both the arch 
crown and inverted arch after tunnel excavation. 
Regarding class IV surrounding rock masses, penetrating 
cracks are even produced at the arch crown, as 
presented in Figs. 7(c) and 8(c). However, in FLAC3D, 
there is only a very small range of plastic zones in the 
arch crown and inverted arch (Figs. 7(a) and 8(a)), 
which is obviously inconsistent with the actual 
situation. Therefore, compared to FLAC3D, the simulation 
results using the FDEM method can better ensure the 
safety of the arch crown and inverted arch of tunnels. 
Finally, the failure modes using the two methods are 
mainly characterized by shear failure, with a small 
amount of tensile failure zones in the shallow part of 
the tunnel section. However, in the FDEM model, the 
distribution range of tensile cracks is wider, mainly 
concentrated at the two sidewalls, as shown in Figs. 7(c) 
and 8(c). In FLAC3D model, on the other hand, there is 
only a small amount of tensile failure zones distributed 
at the crown and invert arch positions of the tunnel 
(Figs. 7(a) and 8(a)). Therefore, the FDEM simulation 
results can more accurately reflect the characteristic 
that the tensile strength of geomaterials is much lower 
than the shear strength. 

In summary, FLAC3D and FDEM exhibit similar 
behaviors in simulating tunnel excavation, such as the 
expansion of the plastic zone or crack zone, the 
distribution range of the failure zone, and the failure 
mode of surrounding rock masses. Additionally, FDEM 
is capable of better simulating the progressive transition 
of surrounding rock masses from a continuous state to 
a discontinuous state under the effect of excavation 
unloading. 

5  Conclusions 

Two methods are selected in this paper, including 
the continuous medium analysis method and the 
continuous-discontinuous method represented by 
FDEM. Based on the basic theory and constitutive 
models of these two methods, this paper focuses on 
the identification of failure criteria for rock masses. A 
theoretical connection between the parameter values 
of these two methods is established for the first time, 

and a method for the rational and rapid determination 
of rock mass failure parameters is proposed in FDEM. 
Based on this, a comparative analysis is conducted on 
the simulated failure zones of surrounding rock 
masses of railway tunnels with different lithology and 
cross-sections during excavation. The following con- 
clusions are drawn: 

(1) The plastic strain limit is the criterion for 
surrounding rock mass failure in the continuous 
medium method, while the criterion is joint element 
opening or shear failure in FDEM. 

(2) The relationship between the mechanical 
parameters of interface elements and the mechanical 
parameters of rock and rock mass elements are derived. 
The relationship between the mechanical parameters 
of rock masses and the parameters for rock mass 
failure algorithm is also established. The ranges for the 
main parameters of rock mass failure, such as penalty 
parameters and fracture energy in different classes of 
surrounding rock masses in FDEM (continuous- 
discontinuous methods), was provided. This solves the 
problem of the difficulty in rapidly obtaining 
reasonable values for rock mass failure parameters in 
continuous-discontinuous methods. 

(3) The FLAC3D and FDEM models were used to 
simulate the excavation process of railway tunnels 
with different lithology and cross-sections. The results 
demonstrate that the expansion patterns of the plastic 
zone or crack zone, the distribution range of the failure 
zone, and the failure pattern of surrounding rocks are 
generally consistent between the two methods. This 
indicates that the proposed method for determining the 
parameters of surrounding rock mass failure in FDEM 
is reasonable and feasible. 
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