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Abstract
Exploring the rock failure mechanism from an energy perspective is crucial for ensuring the 
safe construction of tunnels under complex geological conditions. In this study, a 
progressive damage and failure model of rock elements is established using the strain-
energy-density theory based on the thermodynamic theory. Specifically, the rock elements 
are considered to have failed when the strain energy density absorbed by the element is 
greater than the critical strain energy density. Besides, the damage evolution of rock 
elements is reflected through the reduction of elastic modulus, until the element only has a 
certain residual strength. Based on the above theory, the calculation program of rock 
damage and failure is developed in FLAC3D using the FISH language. The validity of the 
method for simulating the process of rock damage and failure is verified through the 
numerical simulation of Brazilian splitting tests. Finally, the model was applied to the 
overload test of the geo-mechanical model of the Liangshui Tunnel on Lanzhou-Chongqing 
Railway. The comparison between the numerical simulation and the test results has not only 
confirmed that the feasibility and accuracy of the model in simulating the progressive 
failure process of tunnel surrounding rock under high ground stress, but also its ability to 
visually display the damage degree, failure scope and evolution process of the surrounding 
rock. The research findings are of great significance in ensuring the safe construction of 
tunnel and will promote the efficient development of the underground engineering 
construction.
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1. Introduction
In recent years, with the continuous development of tunnel 
engineering construction in China, the complexity of tunnels 
crossing the stratum has increased, and a large number of 
tunnel projects with remarkable characteristics, such as "ultra-
deep burial, large cross-section, long tunnel line" have 
emerged. The construction process is not only challenging, but 
also vulnerable to significant deformation, intrusion, collapse, 
and other geological disasters [1,2].

Essentially, the failure of the tunnel surrounding rock is a 
process of progressive failure [3-7], that is, the stress of the 
surrounding rock is redistributed under the effect of excavation 
unloading, the quality of the rock mass continues to deteriorate, 
and the surrounding rock develops from local failure to overall 
failure. The research on the progressive damage process and 
failure mechanism of surrounding rock of deep buried tunnel 
under high ground stress has important engineering 
significance for the prevention and treatment of tunnel collapse 
accidents.

According to the laws of thermodynamics, energy conversion is 
the essential feature of the physical process of matter. The 
deformation and failure of rock is essentially a damage 
evolution process with energy dissipation [8-10]. Therefore, 
studying the law of energy change during rock damage and the 
relationship between strength and overall failure from an 
energy perspective will better reflect the mechanical response 

characteristics of rock [11]. Around this idea, many scholars 
have conducted research. Xie et al. [12] conducted a thorough 
analysis of the energy dissipation and damage evolution 
process during the deformation and destruction of rocks, as 
well as the correlation between energy release and overall 
damage; Wen et al. [13] established the brittleness indexes 
based on the energy evolution and revealed the energy 
evolution laws of shales under different confinements; Liu, et al. 
[14] and Li, et al. [15] proposed a damage evolution equation for 
rocks under cyclic loading based on energy dissipation; Zhao et 
al. [16] summarized the relationship between energy 
accumulation and release during the deformation and damage 
processes of rocks, based on a substantial number of tests on 
mechanical properties of rocks, and they proposed a rock 
energy strength criterion. Huang et al. [17] revealed the 
mechanism of strain energy conversion process for damage 
and fracture of marble specimens based on the marble test of 
unloading confining pressure before peak strength under high 
stress and the energy theory. Dehkordi et al. [18] proposed a 
new empirical method to estimate the rock load in squeezing 
ground condition based on the residual strain energy after 
destruction and dissipation characteristics of stored strain 
energy before failure. Luo et al. [19] evaluated the stability of 
surrounding rock during Deep Rock Excavation based on the 
local energy release rate while considering the influence of the 
energy release speed.

The research of various scholars demonstrates that the 
deterioration of rock materials is primarily due to irreversible 
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energy loss. Furthermore, the energy criterion holds important 
theoretical significance in evaluating rock damage. However, 
the current research predominantly analyses the correlation 
between energy dissipation, energy release and the overall 
failure of rock via theory or experiment. From the perspective of 
micromechanics, the research on the damage and failure law of 
rock micro-element based on energy dissipation and energy 
criterion is still insufficient. Some studies on rock failure have 
considered strain energy, but applications of the strain energy 
density theory (SED) as a criterion for the progressive failure 
analysis of surrounding rock are still relatively rare.

The strain-energy-density theory was first proposed by G C. Sih 
[20] in 1973 while studying crack propagation. It takes the sum 
of volume deformation energy density and shape change 
energy density, namely strain energy density, as the criterion of 
material failure. This criterion comprehensively considers the 
action of six stress components near the crack tip and analyzes 
the strain energy density stored in a unit volume of material at 
each moment. Therefore, as a failure criterion, the strain-
energy-density theory has the advantage that it can be well 
applied in complex geometry structures, mixed-mode loading 
conditions, and mixed crack development [21]. The strain 
energy density serves as a useful failure criterion and has 
successfully been applied in the solution of a host of 
engineering problems of major interest. These include: two- and 
three-dimensional crack problems; ductile fracture involving the 
prediction of crack initiation; slow stable crack growth and final 
separation, etc. [21]. In summary, the strain-energy-density 
theory serves as an effective failure criterion for forecasting 
nonlinear failure phenomena. For the tunnel surrounding rock 
under complex stress-strain state, the strain-energy-density 
criterion has obvious advantages compared with the 
conventional strength criterion.

Based on the above analysis, this paper starts from the 
perspective of energy and establishes the energy criterion of 
damage and failure of rock elements based on the strain-
energy-density theory. When the strain energy density 
absorbed in a certain element exceeds the limit value, the 
element enters the damage state. At the same time, the 
damage variable D is defined according to the value of strain 
energy density, and the damage degree n of the rock is 
determined. The greater the strain energy density absorbed by 
a rock element, the more energy it dissipates, and the greater 
the degree of damage. When the strain energy density of a rock 
element is greater than the critical strain energy density, it is 
judged that the element is failed. The damage evolution of the 
rock element is reflected by the reduction of elastic modulus, 
until the element only has a certain residual strength, which 
avoids the singularity of the numerical calculations when the 
element fractures. Based on the above theory, the calculation 
program of rock damage and failure was developed in FLAC3D 
using the FISH language, and applied to the overload test of the 
geo-mechanical structure of Liangshui Tunnel on Lanzhou-
Chongqing Railway. The program simulates the progressive 
damage and failure process of the surrounding rock of the 
deep-buried tunnel under the action of high ground stress. It 
analyzes the damage degree, failure range and evolution 
process of the surrounding rock. The relevant research results 
can provide guidance for the safe construction of deep buried 
tunnels.

2. Rock Damage-failure Model Based on SED

The strain-energy-density theory is able to comprehensively 
consider the effects of loading history, geometric structure, 
material mechanical parameters, and other factors on the 
damage and failure of rocks. This theory proposes that the 
strain energy density is the primary factor leading to material 

failure. That is, regardless of the stress state of the material 
element, once its strain energy density reaches a corresponding 
maximum, the element begins to fail [21,22].

2.1. Strain-Energy-Density Equation Considering 
Strain-softening

Based on the strain-energy-density theory, it is assumed that 
rocks are composed of many tiny material elements and can 
store a finite amount of energy at a given instant of time. The 
energy per unit volume of material will be referred to as the 
strain energy density, (dW /dV ). When the temperature and 
humidity are essentially constant, the strain energy density of 
the rock element can be expressed as [23]:

dW
dV

= ∫
0

ϵij

σij dϵij
(1)

 The above equation shows that the strain energy density stored 
in a rock element is determined by the deformation history of 
stress σij  and strain increment dϵij .

Before the global failure of the rock structure under load, local 
damage and crack propagation have already occurred, which 
seriously affects the macroscopic failure process of the rock 
structure. In other words, rock failure is a process of 
progressive damage until final failure. The strain energy density 
can be related to the damage and failure process of the rock.

Numerous rock mechanics tests indicate that after reaching 
peak strength, the strength of the rock decreases with 
increased deformation, which is known as strain softening [24]. 
The stress-strain curve of strain softening for rock material is 
simplified, and the bilinear strain softening constitutive model 
of rocks from Reference [25] is adopted, as shown in Figure 1.

Figure 1. Bilinear softening stress-strain curve

As shown in Figure 1, the rock element firstly undergoes elastic 
deformation under the action of external force. When the stress 
increases to the limit point A, it enters into strain softening, and 
the stress decreases with the increase of strain until it is zero at 
point B. If the stress is in the elastic segment OA, the unloading 
path will return along the loading path without damage or 
plastic deformation. If the stress exceeds the point A and is 
unloaded when it reaches point C, the unloading path will 
return along the straight line CD under certain conditions. If it is 
loaded again, a new loading path DCB will be obtained, and the 
material produces damage and irrecoverable plastic 
deformation OD.
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When the material element is at point C, the absorbed strain 
energy density, (dW /dV ) is the area OACE enclosed by the 
stress-strain curve, and the recoverable strain energy density 
after unloading, (dW /dV )r , is the area DCE. Thus the strain 
energy density absorbed by the material element consists of the 
following two parts:

dW
dV

= ( dW
dV

)d + ( dW
dV

)r (2)

 where (dW /dV )d  is the dissipated strain energy density OACD; 
and (dW /dV )r  is the recoverable strain energy density DCE.

When the material element is within the OA section and 
undamaged, the critical value of the strain energy density, 
(dW /dV )c , is equal to the area OAB. And when the material 
element is damaged (at point C), due to energy dissipation, the 
decreased value of the critical strain energy density, (dW /dV )c

∗ , 
is the strain energy density (area DCB) that can be recovered 
after unloading, which can be expressed by the following 
equation:

( dW
dV

)c
∗ = ( dW

dV
)c − ( dW

dV
)d (3)

From the above analysis, it can be seen that the greater the 
damage of a material element under external forces, the 
greater the strain energy density absorbed, and the 
corresponding critical strain energy density, (dW /dV )c

∗ , is 
smaller. When the absorbed strain energy density equals the 
critical strain energy density, (dW /dV )c

∗ , cracks begin to 
develop, and the initial failure of the material element occurs [
26], as shown in Figure 2. When the absorbed strain energy 
density equals the element's initial critical strain energy density, 
(dW /dV )c , the element breaks completely and can no longer 
endure any load.

Figure 2. Strain-energy-density theory and element failure

The above bilinear constitutive behavior of rock elements can 
be easily obtained by uniaxial tests. However, rocks are 
generally under complex external forces, and the internal rock 
elements are simultaneously subjected to tension, pressure, 
and shear stress. The strain energy density obtained from the 
stress history of the rock element can comprehensively reflect 
the stress state of the element. Comparing its value with the 
strain energy density at different stages under uniaxial load can 
determine the damage and failure of the rock element under 
complex stress conditions.

2.2 Damage-failure Criterion Based on SED

In the process of rock material elements from initial damage to 
failure, and finally to complete fracture, the damage of the 
element is defined as the reduction of elastic modulus E, and 
the reduced strength of the element is expressed by the 
effective elastic modulus E∗. To simplify the calculations, the 
change of the effective elastic modulus is discretized. 
Considering the calculation accuracy and efficiency, the 
reduction of the elastic modulus is discretized into 20 different 
values by trial calculations. Therefore, the value of the effective 
elastic modulus can be expressed as:

E∗(n ) = (21 − n )
20 E (4)

 where n=1，2，……，20.

Defining the damage variable by the loss of stiffness is a widely 
used method [27], and is expressed as:

D = 1 − E∗(n )
E

(5)

 where D is the damage variable; E is the elastic modulus of the 
non-damaged material; and E*(n) is the elastic modulus after 
damage.

Generally, it can be seen from the above equation (5) that the 
value range of the damage variable D is 0-1. Since the damage 
variable D has a monotonically increasing relationship with the 
value n of the elastic modulus reduction, n ( 0 ≤ n ≤ 20) is used 
to represent the damage degree of the element in the following 
in order to represent the damage state of the element in a 
more concise and intuitive way.

In summary, the criterion of rock damage and failure based on 
the strain-energy-density theory is as follows:

(1) When (dW /dV ) < (dW /dV )u = 1/2(σu ϵu ), the element is in the 
elastic phase, no damage occurs and the effective elastic 
modulus E∗ = E ;

(2) When (dW /dV ) ≥ (dW /dV )u , the element starts to damage, 
the effective elastic modulus, E∗(n ), is calculated from equation 
(4), and the value of the damage degree n is determined by the 
strain energy density;

(3) When (dW /dV ) ≥ (dW /dV )c
∗ , it indicates that the element 

begins to fail;

(4) When (dW /dV ) ≥ (dW /dV )c = 1/2(σu ϵf ), the damage degree 
of the material element reaches its maximum, causing it to 
break completely and lose its load-bearing capacity. To ensure 
the integrity of the entire calculation model and the continuity 
of the element, a small residual elastic modulus Ec

∗ is assigned 
to the entirely fractured material element. According to 
equation (4), when the damage degree is the maximum, that is, 
n=20, the effective elastic modulus E∗(20) = 0.05E , so when the 
element is completely failed, the residual elastic modulus Ec

∗ =
0.05E  is taken.

3. Numerical Simulation of Rock Damage and 
Failure

3.1 Program Implementation

According to the above theory, the FLAC3D finite-difference 
numerical software was utilized to develop a calculation 
program for rock damage and failure using the software’s built-
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in programming language, FISH. FLAC3D software uses explicit 
finite-difference method, which can solve many complex 
geotechnical engineering problems that cannot be simulated by 
finite element programs.

Due to the fact that the calculation process of FLAC3D consists 
of numerous time steps, the strain energy density of the 
element is dynamically obtained in terms of time steps. The 
damage of the element is judged by the damage failure 
criterion of the strain-energy-density theory, and the 
corresponding modulus reduction is performed at the same 
time. When the element completely fractures and loses its load-
bearing capacity, the residual modulus of the element is 
assigned. If large-scale failure is found in the rock structure 
model, or the failure elements completely penetrate, the 
calculation is stopped.

Before the start of the calculation, the strain energy density of 
each element is zero. After the start of the calculation, the stress 
and strain of each element begin to change under the action of 
loading or excavation, causing an increase in energy. At the end 
of each step, the rock element's strain energy density is the sum 
of the strain energy density at the previous step and the 
increased strain energy density at the current step. The 
increased strain energy density at each step is approximated by 
the corresponding trapezoidal area in the stress-strain curve. 
Therefore, up to step i (i>0), the strain energy density of the 
element is calculated by:

( dW
dV

)i = ( dW
dV

)(i −1) + Δ( dW
dV

) = ( dW
dV

)(i −1) + 1
2 (σx

i +

σx
i −1)(ϵx

i − ϵx
i −1) + 1

2 (σy
i + σy

i −1)(ϵy
i − ϵy

i −1) + 1
2 (σz

i + σz
i −1)(ϵz

i −

ϵz
i −1) + 1

2 (τx
i + τxy

i −1)(γxy
i − γxy

i −1) + 1
2 (τxz

i + τxz
i −1)(γxz

i − γxz
i −1) +

1
2 (τyz

i + τyz
i −1 ) (γyz

i − γyz
i −1 )

(6)

 where σx
i 、 σy

i 、 σz
i 、 τxy

i 、 τxz
i 、 τyz

i  is the stress of the element at 
step i; and σx

i −1、 σy
i −1、 σz

i −1、 τxy
i −1、 τxz

i −1、 τyz
i −1 is the stress at the 

previous step. The strain is expressed in the same manner. If 
i=0 , then the strain energy density of the element is (dW /dV ) =
0.

When the strain energy density of an element 
(dW /dV ) > (dW /dV )u , the element begins to damage, and the 
degree of damage n is calculated by the following equation:

n = (dW /dV ) − (dW /dV )u
1

20 [(dW /dV )c − (dW /dV )u ]
= 20 2(dW /dV ) − σu ϵu

σu ϵf − σu ϵu (7)

 Where n takes the integer part of the calculation result of 
Equation (7), that is, the value range is 1, 2, ..., 20. The effective 
elastic modulus E∗ of the damage element is obtained from 
Equation (4) based on the value of n.

In the linear elastic state, the expression for the strain energy 
density of the element is：

dw
dv

= 1
2E (σx

2 + σy
2 + σz

2 ) − v
E (σx σy + σy σz + σz σx ) +

1 + v
E (τxy

2 + τyz
2 + τzx

2)]
(8)

 Therefore, the dissipated strain energy density of the element 
can be obtained according to Equation (2) and (8):

( dW
dV

)d = ( dW
dV

) − ( dW
dV

)r = dW
dV

− [ 1
2E∗ (σx

2 + σy
2 + σz

2) −
v
E∗ (σx σy + σy σz + σz σx ) + 1 + v

E∗ (τxy
2 + τyz

2 + τzx
2)]

(9)

 The decreased value of the critical strain energy density is:

( dW
dV

)c
∗ = ( dW

dV
)c − ( dW

dV
)d = 1

2 σu ϵf − dW
dV

+ [ 1
2E∗ (σx

2 +

σy
2 + σz

2) − v
E∗ (σx σy + σy σz + σz σx ) + 1 + v

E∗ (τxy
2 + τyz

2 +

τzx
2)]

(10)

 According to the criterion of rock damage and failure based on 
the strain-energy-density theory, when (dW /dV ) ≥ (dW /dV )c

∗ , 
the element fails, and the failed element is defined as a new 
group "fail". In the FLAC3D program, additional parameters are 
defined to save the values of the strain energy density and 
damage degree of each element, and it is specified that 
z_extra1 represents the absorbed strain energy density of the 
element, z_extra2 is the damage degree n of the element, and 
z_extra3 is the critical strain energy density of the element.

The calculation process of rock damage and failure based on 
the strain-energy-density theory is shown in Figure 3.

Figure 3. Calculation flow of numerical simulation

3.2 Numerical Simulation of Brazilian Splitting

This calculation example simulates the indoor Brazilian splitting 
test. As shown in Figure 4, the specimen is carbonaceous 
phyllite, which is grayish black, dense, and has no cracks. The 
disc diameter D = 50mm , and thickness L = 50mm . The loading 
speed is 0.002mm/s until the specimen is destroyed.
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Figure 4. Brazilian splitting test

The calculation model size is the same as the test size, as shown 
in Figure 5, which is divided into 60880 elements. The Brazilian 
disc is loaded at both ends with steel plates without load-
bearing strip.

Figure 5. Numerical model

The Mohr-Coulomb constitutive model in FLAC3D software is 
used for numerical calculation. The physical and mechanical 
characteristics of the model are as follow: the modulus of 
elasticity E = 3GPa , the Poisson's ratio v = 0.37, the cohesion 
c = 12MPa , the friction angle φ = 50°, the density ρ =
1800Kg /m3, the ultimate stress σu = 2MPa , the ultimate strain 
ϵu = 1.2 × 10−4, and the strain in case of fracture ϵf = 1.2 × 10−3.

The failure process of Brazilian splitting numerical simulation is 
shown in Figure 6. Under the influence of the load, the two ends 
of the disc began to fail due to stress concentration, then the 
failure range continued to extend inside the specimen. 
Ultimately, hole-through fracture occurred along the axis of the 
disc.

(a) Step 800 (b) Step 1800

(c) Step 1900 (d) Step 2050

Figure 6. Failure process of Brazilian splitting test

When the specimen fractured, the damage of each element in 
the model is shown in Figure 7. The damage value n of the rock 
elements in the middle axis of the disc reached the maximum 
value of 20, indicating that the crack in the middle of the disc 
was completely penetrated, and the rock elements around the 
failure position also produced different degrees of damage. The 
failure area at both ends of the disk was triangular.

Figure 7. Element damage distribution in the model

The results of the Brazilian splitting test are as follows: during 
the loading process of the rock, the failure initially occurred at 
the loading position at both ends of the disc, and with the 
continuous increase of the load, the through failure finally 
occurred along the middle of the disc, as shown in Figure 8. 
Owing to the loading method without load-bearing strip, local 
triangular-shaped failure zones developed at the loading 
positions at both ends of the disc. The numerical simulation of 
the disc failure process and the final failure state are in good 
agreement with the test results, indicating that the proposed 
model is feasible and correct for the simulation of rock damage 
and failure.
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Figure 8. The test results of Brazilian splitting

4. Numerical Simulation of Damage and Failure 
of Tunnel Surrounding Rock

In this paper, the three-dimensional geo-mechanical model test 
of weak and broken surrounding rock of the tunnel in article 
[28] is taken as an example to simulate the overload failure test 
of the full-face excavation without support section. Based on the 
strain-energy-density theory, the numerical simulation of 
progressive damage and failure of tunnel surrounding rock is 
carried out.

The geo-mechanical model test takes the Liangshui Tunnel on 
Lanzhou-Chongqing Railway as the engineering background. 
The model size is width × height = 2.4m × 2.4m, the geometric 
and stress similarity ratio is 1:50, and the actual size of the 
tunnel is taken to establish the numerical model. Set the 
horizontal direction of the tunnel cross section as x-axis, the 
vertical direction as y-axis, and the excavation direction as z-axis. 
The calculation range of the model is − 60 ≤ x ≤ 60m， −
67.5 ≤ y ≤ 52.5m . The numerical model is shown in Figure 9, 
which is divided into 3246 elements with 6668 nodes. Apply 
vertical constraints along the Y-axis at the base of the model; 
apply horizontal constraints along the X-axis on both sides of 
the model; impose constraints along the Z-axis at the front and 
back of the model. The upper part of the model is the surface, 
serving as a free surface and unconstrained. The gravity stress 
distribution is considered in the vertical direction of the model, 
and the horizontal tectonic stress distribution is considered in 
the horizontal direction. Additionally, in order to simulate the 
200m burial depth of the tunnel, vertical ground stresses at a 
depth of 147.5m and corresponding horizontal ground stress 
loads were applied to the model.

Figure 9. Numerical simulation model

The parameters of the numerical calculation are taken 
according to the physical and mechanical parameters of the 
tunnel surrounding rock. The calculation parameters are as 
follows: the density ρ = 2500kg /m3, the modulus of elasticity 
E = 2GPa , the Poisson's ratio v = 0.35, the cohesion c = 0.3MPa , 
the angle of internal friction φ = 37∘, the ultimate stress of 
element σu = 3MPa , the strain at ultimate stress ϵu = 1 × 10−3, 

and the strain in case of fracture ϵf = 1 × 10−2.

The geo-mechanical model was subjected to an overload test 
after the full-face unsupported excavation, and the buried 
depth of the tunnel was increased step by step with a gradient 
of 50m buried depth until the unsupported surrounding rock 
appeared obvious damage. In order to compare with the 
experimental phenomena, the full-face excavation was first 
carried out in the numerical model, then the vertical load of 
50m buried depth was added sequentially on the top of the 
model, and the gradient load of corresponding horizontal 
ground stress was added on both sides of the model.

Based on the strain-energy-density theory, the numerical 
simulation results of the progressive damage and failure of the 
tunnel surrounding rock during the loading process are as 
follows:

(1) When the buried depth increased to 250m, the damage and 
failure of the surrounding rock are shown in Figure 10. At this 
time, the surrounding rock of the tunnel has not been failure, 
but the surrounding rock of the vault and the arch bottom 
within the range of about one times the diameter of the tunnel 
began to damage, and at the same time, a small number of the 
elements at the position of one time the diameter of the tunnel 
on the left and right sides of the arch waist are also damaged. 
The damage degree of the surrounding rock is small overall. 
The maximum damage degree of the element is 2, and the 
maximum damage position is at the vault and arch bottom.

(a) Contour of damage (b) Failure situation

Figure 10. Damage and failure contour of the surrounding rock (250m buried 
depth)

(2) When the buried depth increased to 300m, as shown in 
Figure 11, the local elements of the tunnel vault and arch 
bottom began to fail, and the maximum damage value of the 
elements reached 16. The damage range of the surrounding 
rock of the vault and the arch bottom extended to twice the 
diameter of the tunnel. At this time, the side wall of the tunnel 
has not yet failed, but the elements within about 0.8 times the 
tunnel diameter outside the side wall have been damaged.

(a) Contour of damage (b) Failure situation

Figure 11. Damage and failure contour of the surrounding rock (300m buried 
depth)
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(3) When the buried depth increased to 600m, as shown in 
Figure 12, the damage range of the tunnel surrounding rock 
continued to expand, extending from the damage area of the 
tunnel vault and arch bottom to the location of the sidewalls, in 
which the damage range of the vault increased significantly. 
From the sidewalls to the arch foot and arch tip, damage 
increased gradually. The damage of the elements at the top and 
bottom of the tunnel reached a maximum value of 20, which 
indicating that the elements were completely fractured and had 
lost their load-bearing capacity.

(a) Contour of damage (b) Failure situation

Figure 12. Damage and failure contour of the surrounding rock (600m buried 
depth)

(4) When the buried depth increased to 900m, as shown in 
Figure 13, the failure occurred over a large area around the 
tunnel, and this included contiguous areas of failure at the top 
of the arch, the sidewalls, and the bottom of the arch, which 
tended to collapse as a whole. The damage reached a maximum 
value of 20 in most of the elements around the tunnel.

(a) Contour of damage (b) Failure situation

Figure 13. Damage and failure contour of the surrounding rock (900m buried 
depth)

The results of the overloading test of the geo-mechanical model 
are as follows [28]: when the burial depth was increased to 
300m, the surrounding rock of the tunnel began to appear 
localized failure, while the side wall has not yet occurred 
obvious failure; when the burial depth was increased to 600m, 
the tunnel vault and the side wall both appeared large-scale 
failure; when the loading was loaded to a burial depth of 900m, 
the surrounding rock appeared to have a large area of 
significant failure, and the overall signs of collapse also 
appeared. In the process of overloading, the failure area of 
surrounding rock gradually expanded, and the failure area was 
mainly concentrated in the area above the vault. There were 
also local failure areas on t both sides of the side wall, and the 
failure was gradually aggravated from the side wall to the arch 
foot and the arch tip. The on-site failure of the model overload 
test is shown in Figure 14.

Figure 14. Image of overload failure in overload test

In the process of tunnel overload, the variation curve of vault 
settlement with buried depth in numerical calculation and 
overload test is shown in Figure 15.

Figure 15. Settlement curves of tunnel vault with burial depth

Comparison between the numerical simulation results and the 
overload test results shows that the progressive failure law of 
tunnel surrounding rock with the increase of buried depth by 
numerical simulation is basically consistent with the test, and 
the specific failure process also matches well. The vault 
settlement calculated by numerical calculation is basically 
consistent with the test results, and the change trend is 
consistent. It shows that the model is correct and feasible to 
simulate the progressive damage and failure process of tunnel 
surrounding rock.

5. Conclusions
(1) From an energy perspective, the bilinear constitutive model 
is used to establish the damage and failure criterion of rock 
element based on the strain-energy-density theory. This 
method can well simulate the progressive damage and failure 
process of rock.

(2) According to the above model and criteria, the calculation 
program of rock damage and failure is developed by using 
FLAC3D software. The correctness and feasibility of the method 
are verified by the numerical simulation of Brazilian splitting 
test.

(3) The calculation program is applied to the overload test 
simulation of the geo-mechanical model of Liangshui tunnel, 
and the simulation results are in good agreement with the test 
results. The numerical simulation results show that the failure 
area of tunnel surrounding rock is gradually expanding with the 
increase of buried depth; The tunnel vault and arch bottom are 
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failed first, and then extend to the side wall. The failure is 
gradually aggravated from the side wall to the arch foot and the 
arch tip. Attention should be paid to the deformation and failure 
of these areas during on-site construction.

(4) Compared with theoretical and analytical methods, 
numerical simulation can more intuitively show the damage 
degree, failure range and evolution process of surrounding 
rock, and can directly solve various tunnel excavation and 
surrounding rock failure problems, so it has a wide range of 
engineering application prospects.
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