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1. Introduction 
 

During mineral resource excavation by blasting or shock 
waves, many radial flaws may be produced in the 
surrounding rock mass; these may be caused by different 
fracture modes under dynamic or static loads, such as those 
arising from overburden pressures, in situ stresses, and 
earthquake waves (Fan et al. 2019, Haeri et al. 2014, Wu et 
al. 2019, 2020). As these flaws are subjected to various load 
conditions in practical working conditions, they may 
initiate, propagate, and coalesce along different directions; 
they may also weaken the rock mass strength, ultimately 
leading to various geologic hazards (Sarfarazi et al. 2017, 
Yu et al. 2020). Therefore, the flaws in a real roadway may 
greatly influence the roadway stability, and a corresponding 
study on mixed-mode crack failure behaviors under 
dynamic loads is of great importance. In this study, the 
influences of static and impact loads on the failure 
properties and stability of flawed roadway tunnel models 
are studied. 

Underground chamber projects are generally subjected 
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to various loading conditions in their real geological 
environments. Owing to the arbitrary orientation of cracks  
relative to the loading orientations, research is required on 
the failure resistance of cracked rock masses subjected to 
static or dynamic loads. The failure behaviors and processes 
of mixed-mode I/II cracks have attracted increasing 
attention, owing to their significance in regards to the 
security and stability of underground projects in practical 
engineering problems. Many research achievements have 
been studied in theoretical and experimental analyses of 
mixed-mode fractures under complex loading conditions 
(Alneasan et al. 2019, Li et al. 2019b, Rege et al. 2019). 
Lesiuk et al. (2020) conducted mixed-mode (I/II) tests to 
acquire fatigue crack propagation trajectories for typical rail 
steel by using compact tension shear specimens. Aliha, et 
al. (2016) used four polymethyl methacrylate samples with 
different test dimensions and different crack types to 
investigate initiation directions and initiation toughness 
under static loads. Xu and Li (2012) utilized a split 
Hopkinson tension bar (SHTB) device and finite element 
method to measure dynamic mixed-mode fracture initiation 
toughness values of materials under impact loading. Wang 
et al. (2011) studied the variations in the dynamic initiation 
toughness values of mode I and mode II cracks with the size 
of specimen using an SHPB device, and indicated that the 
trend for mode II cracks was more remarkable than that for 
mode I cracks. Wang et al. (2017) investigated the initiation  

 
 
 

Study on failure behaviors of mixed-mode cracks under static and dynamic 
loads 

 

Lei Zhou1,2,3, Jianxing Chen3, Changlin Zhou4, Zheming Zhu3, Yuqing Dong**3 and Hanbing Wang3  
 

1Shock and Vibration of Engineering Materials and Structures Key Laboratory of Sichuan Province,  
Southwest University of Science and Technology, Mianyang 621010, Sichuan, China 

2Key Laboratory of Deep Earth Science and Engineering (Ministry of Education), College of Architecture and Environment,  
Sichuan University, Chengdu 610065, China 

3Failure Mechanics & Engineering Disaster Prevention and Mitigation, Key Laboratory of Sichuan Province,  
College of Architecture and Environment, Sichuan University, Chengdu 610065, China 

4Chengdu Surveying Geotechnical Research Institute Co., Ltd. of MCC, Chengdu, 610023, China 

 
(Received April 19, 2021, Revised April 17, 2022, Accepted April 27, 2022) 

 
Abstract.  In the present study, a series of physical experiments and numerical simulations were conducted to investigate the 

effects of mode I and mixed-mode I/II cracks on the fracture modes and stability of roadway tunnel models. The experiments 

and simulations incorporated different inclination angle flaws under both static and dynamic loads. The quasi-static and dynamic 

testing were conducted by using an electro-hydraulic servo control device and drop weight impact system (DWIS), and the 

failure process was simulated by using rock failure process analysis (RFPA) and AUTODYN software. The stress intensity 

factor was also calculated to evaluate the stability of the flawed roadway tunnel models by using ABAQUS software. According 

to comparisons between the test and numerical results, it is observed that for flawed roadways with a single radical crack and 

inclination angle of 45°, the static and dynamic stability are the lowest relative to other angles of fractured rock masses. For 

mixed-mode I/II cracks in flawed roadway tunnel models under dynamic loading, a wing crack is produced and the pre-existing 

cracks increase the stress concentration factor in the right part of the specimen, but this factor will not be larger than the 

maximum principal stress region in the roadway tunnel models. Additionally, damage to the sidewalls will be involved in the 

flawed roadway tunnel models under static loads. 
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and propagation characteristics of mixed-mode cracks under 

impact loads and proposed a single cleavage semicircle 

compression sample for determining crack fracture 

toughness. Through the above research results, a solid 

foundation has been established for clarifying the failure 

mechanisms of mode I and mixed-mode I/II cracks (Ajdani 

et al. 2020, Aliha and Ayatollahi 2014). However, these 

studies did not consider the influence of cracks on the 

stability of rock structures or tunnel engineering; this is a 

non-ignorable external factor, as it can induce rock mass 

instability. In so far as mixed-mode cracks in real tunnel 

engineering under dynamic loads, the research results have 

difficulty meeting the engineering needs. 

Numerical simulations have been widely implemented 

to analyze the failure mechanisms of deep underground 

structures under static or dynamic loads. The popular 

numerical algorithms for rock fracture simulations can be 

strictly grouped into two categories: continuum-based 

approach and discrete element approach. Finite element 

method (FEM) (Xie et al. 2019) and finite difference 

method (FDM) (Wang et al. 2021, Zhou et al. 2020, 2018b) 

are typical continuum-based methods and widely used in 

the field of fracture mechanics. Jia and Tang (2008) applied 

FEM-based rock failure process analysis (RFPA) software 

to investigate the effects of various slopes of lateral 

pressure coefficients and layered joints on the failure 

behaviors of roadways. Hadi and Sarfarazi (Haeri et al.  

2020, 2018, Sarfarazi et al. 2018) used FEM-based 

ABAQUS software to investigate the impact of the joint 

number and its angularities on the fracture modes of a joint 

bridge area and its tensile strength. Li et al. (2018) used 

FDM-based software AUTODYN to analyze the influence 

of a blasting hole in a tunnel on the crack propagation 

behaviors under blasting loads. Du et al. (2020) used FDM-

based “Fast Lagrangian Analysis of Continua in 3 

Dimensions” software to study the stability and fracture 

properties of a roadway. 

Discrete element method (DEM) (Mitra et al. 2015) and 

discontinuous deformation analysis (DDA) (Shi 1992)  

 

 

method are typical discrete element approach, which are 

used to solve the problems of large deformation and  
discontinuity. Some numerical algorithms, such as extended 
FEM (XFEM) and boundary element method (BEM), are 
equivalent continuum based on classical theory. 
Discontinuous deformation and displacement analysis 
(DDD) proposed by Tang et al. (2015) combines DDA and 
FEM methods and have the advantages in characterizing the 
complete failure process. 

Hence, in this study, to better understand the failure 
behaviors of mixed-mode cracks in the surrounding rock of 
a roadway under dynamic and static loads, a series of static 
and dynamic laboratory experiments were conducted by 
employing flawed roadway tunnel models with different 
inclination angle flaws. An electro-hydraulic servo press 
and drop weight test machine were adopted as testing tools, 
both of which having been applied in the past for various 
static experiments and impact experiments (Huang et al. 
2019, Reddish et al. 2005). In addition, RFPA and 
AUTODYN software were implemented to simulate the 
failure characteristics of the flawed roadway samples, and 
their stability was estimated under different loading 
conditions (Huang et al. 2017, Zuo et al. 2015). 

 

 

2. Flawed roadway tunnel model tests 
 
2.1 Rock material 
 
The raw material applied in this research was a green 

sandstone widely available in the Sichuan Province of 
China. It can be regarded as isotropic and homogeneous, 
and has been studied by many scholars in recent years (Ying 
et al. 2020, Zhou et al. 2019). The microscopic experiments 
were carried out utilizing X-ray diffraction (XRD) analysis 
and scanning electron microscopy (SEM), as illustrated in 
Figs. 1 and 2, respectively. The mineral components of the 
green sandstone were mainly quartz, nimite, and muscovite 
with the grain sizes between 0.005 and 0.2, 0.08 to 0.2, and 
0.03 to 0.06 mm. The physical and mechanical properties of 
green sandstone were presented in Table 1. 

 

Fig. 1 Results of XRD analysis 
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Table 1 Physical and mechanical properties of green 

sandstone 

Properties Value 

Density (kg/m3) 2215 

Uniaxial compression strength 

(MPa) 
22.08 

Brazilian tensile strength (MPa) 3.53 

Mode I fracture initiation 

toughness (MPa·m1/2) 
0.31 

Elastic modulus(MPa) 13.57 

Poisson’s ratio 0.165 

 Longitudinal wave 

velocity(m/s) 
2684 

Shear wave velocity(m/s) 1689 

Rayleigh wave velocity(m/s) 1457 

 
 
2.2 Test method and sample manufacturing 
 
A sketch map and photograph view of the flawed 

roadway tunnel model are illustrated in Fig. 3. In the 
present study, horseshoe configuration roadway tunnel 
model experiments were conducted, and a single radial flaw 
was considered around the edge of the horseshoe roadway.  

 

 
 
A radical flaw (50 mm) was set at the roadway roof, and 

a total of seven groups of samples were prepared, with 
different inclination angles θ (from 0° to 90°, with a 15° 
gradient increment) between the flaw and horizontal axis. 
The flawed roadway tunnel models were square plates 
measuring 350 mm × 300 mm × 30 mm. The horseshoe 
roadway (60 mm × 50 mm) was placed in the center of the 
roadway tunnel model, and the arch of the roadway 
comprised a semi-circle with an arch diameter of 50 mm. 
Subsequently, 70–100 samples were fabricated for quasi-
static fracture experiments and dynamic fracture 
experiments, thereby ensuring that at least three effective 
data sets were obtained for each group. During fabrication, 
all surfaces of the samples were carefully ground and 
polished to ensure an unevenness and non-perpendicularity 
of less than 0.10 mm. Meanwhile, the cracks were first 
punched by high-pressure water jets, and then the crack tips 
were sharpened with a 0.2 mm hacksaw blade, and the 
radius of the crack tip was approximately 0.1 mm. 

 
2.3 Quasi-static fracture experiments 
 
Conventional compression experiments were conducted 

at a constant displacement speed of 0.1 mm/min by using an 

electro-hydraulic servo control device (500 T), as shown in  

 

Fig. 2 Results of SEM analysis 

 

Fig. 3 Sketch map and photograph view of the flawed roadway sample (unit: mm) 
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Fig. 4(a). To consider the effect of the lateral pressure on a 

real roadway structure, a confining pressure was applied to 

both sides of the roadway tunnel models utilizing two steel 

plates; this allowed the entire roadway tunnel model to 

maintain a state of biaxial compression. One steel plate was 

loaded by a hydraulic jack with a pressure gauge (such that 

the pressure value could be revealed accurately), and the 

other side was fixed. Before testing, 2.5 MPa pressure was 

loaded by the hydraulic jack, and the vertical stress was 

loaded through the electro-hydraulic servo control device 

until the entire flawed roadway tunnel model failed. During 

testing, a computer automatically collected plots of the 

stress, strain, displacement, and pressure versus time, as 

shown in Fig. 4(b). From the stress–strain curves for the  

 

 

 

samples with a flaw inclination angle θ from 0° to 90°, it 

can be observed that the failure peak stresses of the flawed 

samples with various inclination angles θ were quite 

different. 
 
2.4 Dynamic fracture experiments 
 
The impact compression experiments were carried out 

by using a drop weight impact system (DWIS) comprising a 

striker (150 mm × 300 mm × 30 mm), incident plate (3000 

mm × 300 mm × 30 mm), transmitted plate (200 mm × 300 

mm × 30 mm), amortisseur, and data acquisition system, as 

illustrated in Fig. 5. The longitudinal wave velocity, density, 

elastic modulus, and Poisson’s ratio of the three plates were  

 
(a) Quasi-static fracture experiments test system      (b) Stress-strain plots recorded by computer 

Fig. 4 Quasi-static fracture experiments test system and test results 

 

Fig. 5 Drop weight impact system (DWIS) 
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5006.5 m/s, 1, 2850 kg/m3, 71.7 GPa, and 0.3, respectively. 

During testing, the flawed roadway tunnel models were 

placed between the incident and transmitted plates, with 

butter applied on the surfaces of the sample and plates. The 

strike of the striker on the top of the incident plate produced 

a slowly rising half-sine stress impulse. As the compressive 

impulse (incident impulse) reached the plate-sample 

interface, a portion was reflected into the incident plate 

(reflected impulse), and the other portion was transmitted 

through the sample and then entered the transmitted plate 

(transmitted impulse). The three impulses were recorded (as 

shown in Fig. 6(a)) by utilizing strain gauges glued on the 

plates, and were defined as the incident strain impulse εi(t), 

reflected strain impulse εr(t), and transmitted strain impulse 

εt(t), respectively. According to the one-impulse 

propagation theory, the impact loads could be acquired as 

follows (Li et al. 2019a) 

( ) ( ( ) ( ))i i rt E t t      (1) 

 

 

 

( ) ( )t tt E t     (2) 

To test the dynamic initiation time and average speed of 

crack propagation, two strain gauges (SG1 and SG2) were 

glued at the crack tip at a distance of 25 mm along the crack 

trajectories and perpendicular to the flaw, as illustrated in 

Fig. 6(b). As shown, SG1 at θ = 45° (No. 1) was cut at 334 

μs, and SG2 was cut at 416 μs; in line with the fracture time 

of the strain gauges, the dynamic fracture initiation time and 

average speed of crack propagation in all of the flawed 

roadway tunnel models could be measured during testing. 

 

2.5 Experimental results 
 
2.5.1 Quasi-static fracture experimental results 
As shown in Fig. 7, the failure stresses of the flawed 

roadway tunnel models with different inclination angles θ 

change remarkably. As θ = 45°, the average peak stress is at 

the minimum in all groups, and is only 14.98 MPa for the  

 

(a) Electrical signals collected using strain gauges (b) Dynamic fracture initiation time 
Fig. 6 Electrical signals collected using strain gauges and dynamic fracture initiation time collected using strain gauges 

 

Fig. 7 Testing results of peak stress. 
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sandstone model. This indicates that the radical flaw in this 

condition is the most unfavorable for roadway stability. All 

test results regarding the failure stress were listed in Table 

2. It can also be observed that the failure stress of the 

flawed roadway tunnel models initially decreases with the 

inclination angle θ, and then increases. In addition, the 

static strength of each group is lower for the flawed sample 

than for the intact sample. 

 

2.5.2 Dynamic fracture experimental results 
In line with the dynamic crack initiation times as 

measured by SG1 and SG2, one can find that the dynamic  

 

 

 

 

initiation time changes significantly with the crack 

inclination angle θ under the impact loads, as illustrated in 

Fig. 8. At θ = 0° and θ = 15°, the crack is not initiated, and 

the dynamic initiation times cannot be acquired by SG1 and 

SG2. From the test results, it can be seen that at θ = 45°, the 

dynamic initiation time is the smallest, indicating that the 

dynamic stability of this roadway tunnel model is the 

lowest. For θ = 90°, the dynamic initiation time is the 

largest, implying that the mixed-mode I/II crack is easier to 

initiate than a pure mode I crack under dynamic loads. All 

of test results regarding the dynamic fracture initiation time 

were presented in Table 3. 

Table 2 Comparisons between experimental and simulation results under static loads 

θ Peak stress/MPa (average experimental results) Peak stress/MPa (simulation results) Error/% 

No flaw 22.08 19.80 10.32 

0° 19.10 19.18 0.42 

15° 17.33 18.26 5.37 

30° 16.02 17.25 7.68 

45° 14.98 16.24 8.41 

60° 15.45 18.09 17.08 

75° 17.37 19.08 9.84 

90° 19.84 19.23 3.07 

Table 3 Comparisons between experimental and simulation results under dynamic loads 

θ* Dynamic initiation time/μs (average 

experimental results) 

Dynamic initiation 

time/μs (simulation 

results) 

Error/% 

Dynamic initiation 

toughness/ MPa·m1/2 

KI
d          KII

d 

30° 385.00  377.73 1.89  -5.81 -3.73 

45° 342.33  356.16 4.04  -3.76 -3.92 

60° 362.33  364.75 0.67  -1.71 -2.74 

75° 441.67  399.53 9.54  -0.38 -2.68 

90° 518.33  465.61 10.17  0.84 0 

*θ: At θ = 0° and 15°, a crack does not initiate in the experimental results 

 

Fig. 8 Crack fracture-initiation time measured by strain gauges 
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3. Numerical simulation 
 

3.1 Principle of rock failure process analysis (RFPA) 

 

To supplement the experimental results under static 

loads, RFPA software was applied for the numerical 

simulations. The numerical RFPA software has been widely 

applied in numerical simulations by many scholars (Li et al. 

2019c, Liao et al. 2019, Tang et al. 2016). The simulation 

models are meshed using quadrilateral elements with the 

same dimensions, and the physical properties of all 

elements are statistically distributed based on a Weibull 

function (Xu et al. 2015), as follows 

1

0 0 0

( ) ( ) exp[ ( ) ]m mm u u
f u

u u u

    (3) 

In the above, u represents the element property (elastic 

modulus or strength); u0 represents the average element 

property; m represents the shape of the Weibull function, 

and is denoted as the “heterogeneity index.” 

In this research, the maximum tensile stress criterion 

and Mohr–Coulomb criterion were adopted to describe the 

failure behaviors of the rock materials. These two criteria 

indicate that when the maximum tensile stress value or 

shear stress value of an element exceeds the corresponding 

limit, the element fails. The two criteria can be expressed as 

follows (Wang et al. 2016a) 

1 t    (4) 

1 3

1 sin 2
=

1 sin 1 sin

C
 

 


 

 
  (5) 

Here, σ1 represents the maximum principal stress; σ3 

represents the minimum principal stress; σt represents the 

tensile strength of the element; φ represents the internal 

friction angle; C represents the cohesion. 

 
 

3.2 Simulation results under static loads 
 
Fig. 9 shows the stress–strain histories and failure peak 

stress of the flawed roadway tunnel models in the numerical 
simulation. The stress–strain curves coincide with the 
experimental results under static loads (Fig. 4), indicating 
that the flawed roadway tunnel models show significant 
brittleness. The peak stress values of the flawed roadway 
tunnel models versus the inclination angle θ are presented 
in Fig. 9(b); at θ = 45°, the failure peak stress is 16.24 MPa, 
and the strain is 0.00721, the lowest in all groups. With an 
increasing inclination angle θ, the failure peak stress value 
of each group initially decreases, and then increases. At the 
peak stress of θ = 45°, the error with the experimental 
results is 8.41%. All of the peak stresses of the numerical 
results were listed in Table 2. The maximum error is 
17.08% for θ = 60°, indicating that the reduction in the 
compressive strength for the flawed roadway tunnel models 
agrees well with the predictions from the numerical 
simulation. 

Fig. 10 illustrates the stress-strain plots and associated 
acoustic emission (AE) counts in the rock around the 
flawed roadway. As shown in Fig. 10, the failure peak stress 
of the flawed roadway tunnel models increases gradually 
and then decreases as the inclination angle θ increases from 
0° to 90°. Similarly, the strain at the failure peak stress 
decreases and then increases as the inclination angle θ 
increases from 0° to 90°. In addition, the stress-strain plot 
and AE counts of a no-flaw tunnel roadway are also shown 
in Fig. 10(a); one can find that the failure stress is 19.80 
MPa and the strain is 0.00821, i.e., larger than those of the 
other flawed roadway tunnel models. The numerical results 
indicate that, even in the low-dip and high-dip flawed 
models, the failure behaviors and strength of the model are 
affected by the inclination angle of the crack in the 
roadway. 

Fig. 11 presents the fracture modes of the flawed 
roadway tunnel models with different inclination angles θ in 
the experiments and numerical simulations. It can be seen 
that the damages occur at the crack tip and left sidewall at θ 
= 0°, 15°, 30°, 45°, and 60°. Additionally, some tensile  

 

          (a) Stress-strain histories   (b) Peak stress 

Fig. 9 Stress-strain histories and peak stress of numerical results under static loads 
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cracks are produced at the bottom of the roadway tunnel 
models, and begin to extend along the vertical direction 
parallel to the direction of static loads. In the cases of θ = 
75° and 90°, the damages occur at crack tip and both sides 
of the sidewall. Especially, at θ = 90°, the damage is 
symmetrical in the numerical results. 

 
 
3.3 Principle of AUTODYN 
 
Because both the deformation and the pressure in this 

experiment are not very large under dynamic loads, a linear 

EOS is implemented for the rock material. The linear EOS 

can be described as follows 

 

Fig. 10 Stress-strain plots and associated acoustic emission (AE) counts 
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0

( ) ( 1)P


 


    (6) 

In the above,  represents the bulk modulus; 0 and  

represent the densities in the initial and current state, 

respectively. 

Similarly, to describe the failure behaviors of rock 

materials under dynamic loads, the principal stress failure 

criteria and maximum shear stress failure criteria were 

adopted in the simulation models. They can be expressed as 

follows 

 

 

1

1 3
max 

2

T

c

 

 
 




 

  (7) 

Here, σ1 and σ3 represent the maximum and minimum 

principal stresses, respectively; τmax represents the 

maximum shear stress; σT and τc represent the material 

dynamic tensile strength and dynamic shear strength, 

respectively.  

The rectangular elements were applied to meshing 

 

Fig. 11 Comparisons of cracking patterns between experimental results and simulation results 
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the incident plate, transmission plate, flawed roadway 

specimen, and concrete amortisseur. The total number 

of elements was 424353. The physical and mechanical 

properties of the sandstone used in the numerical 

simulation were presented in Table 1. 

 
3.4 Simulation results under dynamic loads 

 

Fig. 12 shows comparisons between the results from the 

numerical simulations and dynamic experiments. As shown 

in Fig. 12, when θ = 0° and 15°, the flaw had not initiated. 

However, flaws in the roadway roof and roadway foot were 

initiated and propagated based on forming new cracks, and 

most of the crack paths were on the right side of the 

specimen. At θ = 30°, the crack started to initiate, and the 

flaw in the roadway foot was initiated and propagated. As θ 

increased from 45° to 90°, the crack also initiated and 

propagated along the direction of the maximum principal  

stress area, and a new crack formed in the middle area of 

the roadway bottom, which was different from the case for 

θ = 0°–30°. From the failure modes of different angles θ 

under impact loads, one can find that the crack can guide 

the failure modes of the flawed roadway tunnel models. 

 

 

To reveal the reasons for the crack deflections and 

initiation mechanisms of the flawed roadway tunnel models 

under impact loads, a series of gauge points were arranged 

in the crack tip area and inside the specimen, as shown in 

Fig. 13. It can be observed that the flaw initiates at 465.61 

μs for θ = 90°; for θ = 30°, 45°, 60°, and 75°, the flaw 

initiation times are 373.73 μs, 356.16 μs, 364.75 μs, and 

399.53 μs, respectively. All of these values are smaller than 

those from the dynamic experimental results, owing to the 

homogeneity assumption for the sandstone material in the 

numerical simulation. The errors of each group specimens 

were listed in Table 3 and one can find that the results of 

numerical simulation were agreed with the results of 

experimental results. 

As cracks do not initiate at θ = 0° and 15°, the internal 

stress state of the specimen with θ = 15° was analyzed, as 

illustrated in Fig. 14. As can be seen, the stress σ1 in the 

right part of the flawed roadway specimen is larger than that 

in the left part in the same specimen. The peak stress σ1 of 

gauge #4 is 1.27 MPa, the peak stress σ1 of gauge #5 is 

23.57 MPa, and the peak stress σ1 of gauge #6 is 5.82 MPa. 

We can see from that gauge #5 reaches the peak stress the 

 

Fig. 12 Comparison of cracking patterns between test results and simulation results under dynamic loads 
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earliest, and gauge #4 reaches it the latest. It can be 

concluded that the stress coefficient on the right side of the 

specimen is larger than that on the left side. The maximum 

principal stress in the middle area is the largest; this is why 

the crack propagation path is inclined to the middle area of 

the roadway roof. 

In order to evaluate crack initiation angle under dynamic 

loads, the maximum circumferential stress curves were also 

calculated at crack initiation stage, as shown in Fig. 15. It 

can be seen that when the crack inclination angle θ is 90°, 

the crack performs a pure mode I crack initiation. 

 
3.5 Calculation of stress intensity factor (SIF) 
 
Crack initiation and propagation are some of the most 

important failure behaviors in flawed roadway tunnel 
models. The calculation of SIF around the crack tip is 
essential. To deeply understand the effects of cracks and the 
crack inclination angle θ on the roadway tunnel model’s 
stability, KI and KII were calculated under static and 
dynamic loads by using ABAQUS software. Simulation 
models were built according to the dimensions illustrated in 
Fig. 3. The quadrilateral element CPS8 was used for the 
meshes, and the region around the crack tip where 
triangular elements CPS6 were used for describing the 
crack tip singularity, where rOB = 4rOA, as illustrated in 
Fig. 16. The flawed roadway tunnel model (θ = 45°) 
comprised of 8386 elements and 25544 nodes. 

 
3.5.1 Static stress intensity factor 
According to the configuration of the flawed roadway 

tunnel models, seven numerical models were established,  

 

 

 

and the calculation results are plotted in Fig. 17. One can 

find that the KI value of each group is less than zero, as the 

radical cracks are in compression under static loads, and 

will not result in a stress concentration at the crack tip. 

However, the static loads will cause compressive stress at 

the crack tip, which has an effect on the stress field. Hence, 

a negative KI value will affect the crack initiation and 

propagation under static loads, but its influencing 

mechanism is not clear (Zhu et al. 2007, 1997). KII versus 

the crack inclination angle θ depicted in Fig. 17. At θ = 45°, 

the absolute value of KII is at the maximum, indicating that 

the stress concentration coefficient at the crack tip is the 

largest, and that this crack is the easiest to initiate. At θ = 

90°, the absolute value of KII is at the minimum (near 0), 

indicating that the flaw is a pure mode I crack. With an 

increase in the inclination angle θ, KII initially decreases 

and then increases, and the numerical calculation results 

agree with the tendency of the compressive strength under 

static loads 

 

3.5.2 Dynamic stress intensity factor 

When the failure behavior of the flawed roadway tunnel 

models under impact loads was mainly crack initiation and 

propagation along the direction of the dynamic loads, 

indicating that the stress field analysis of the crack tip plays 

a particularly important role in stability assessment, the 

dynamic SIF (DSIF) at the crack tip was calculated. The 

DSIF was calculated by using ABAQUS, which has been 

used to evaluate the stability of rock masses by many 

scholars (Fan et al. 2017, Zhou et al. 2018a, Zhu et al. 

2015). 

 

Fig. 13 Plots of maximum principal stress σ1 for θ = 90° 

 

Fig. 14 Maximum principal stress σ1 distribution of the specimen with θ = 15° 
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The impact loads σi(t) and σt(t) as calculated using Eqs. 

(1) and (2) were applied to both ends of the flawed models. 

According to the time-history curves of the DSIF and time 

of crack fracture initiation, the critical DSIFs in the flawed 

roadway tunnel models can be obtained, and the dynamic 

stability of the flawed roadway tunnel models can 

 

 

 

beevaluated. This approach to determining the critical 

DSIFs is denoted as an “experimental-numerical” approach. 

This approach has been widely used by scholars in recent 

years (Dai et al. 2010, Grégoire et al. 2009, Wang et al. 

2016b).  

 

Fig. 15 Maximum circumferential stress curves of each group of specimens 

 

Fig. 16 Finite element model in ABAQUS 
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Fig. 17 Calculation results of stress intensity factors (SIFs) KI and KII 

 

Fig. 18 Plots of DSIFs with various inclination angles θ 
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Fig. 18 illustrates the calculation results for the DSIF 

with different inclination angles θ. When θ = 90°, the 

corresponding crack is a pure mode I crack, and only the 

mode I DSIF ( d

IK ) exists. However, when θ increases from 

30° to 75°, modes I d

IK  and II d

IIK  exist simultaneously, 

as illustrated in Figs. 18(a)-18(d); their absolute values 

decrease with the inclination angle θ. 

Fig. 18(a) illustrates that when θ = 30°, the crack is a 

mixed-mode I/II crack. According to the experimental 

results for this specimen, the dynamic fracture initiation 

time is 378 μs, indicating that the mode I SIF d

IK = –5.81 

MPa·m1/2, and that the mode II SIF d

IIK = –3.73 MPa·m1/2. 

Similarly, for θ = 45°, 60°, and 75°, the critical values of 
d

IK  =–3.76 MPa·m1/2, −1.71 MPa·m1/2, and −0.38 

MPa·m1/2 , respectively, and those of d

IIK = −3.92 MPa·m1/2, 

−2.74 MPa·m1/2, and −2.68 MPa·m1/2, respectively, as 

illustrated in Figs. 18(b)-18(d). In addition, for the case of θ 

= 90°, d

IIK  is small and can be considered as negligible, as 

shown in Fig. 18(a). According to the experimental results 

for this specimen under impact loads, the dynamic fracture 

initiation time is 496 μs, and the corresponding critical 

DSIF d

IK =0.84 MPa·m1/2 and d

IIK =0 MPa·m1/2. It is 

observed that the crack initiation is only related to mode I 
d

IK . The calculation results of each group were listed in 

Table 3. One can generally conclude that the absolute 

values of d

IK  and d

IIK  decrease with the inclination angle 

θ; this is different from the calculation results for the SIF 

under static loads (as shown in Fig. 4(b)). From the 

calculation results for the DSIF, it can be observed that the 

stress concentration factor at θ = 45° is the maximum for all 

groups, indicating that the dynamic stability of θ = 45° is 

minimal. Thus, the DSIF can be used to estimate the 

dynamic stability of flawed roadway tunnel models under 

dynamic loads. 

 
 
4. Conclusions 

 

In this study, numerical simulations and laboratory 

experiments were conducted to study the effects of different 

inclination angles of cracks on the stability of roadway 

tunnel models. The failure behaviors and stability of the 

flawed roadway tunnel models were evaluated under static 

and dynamic loads, and the failure processes were 

simulated by using RFPA and AUTODYN software. The 

dynamic stress intensity factor was calculated by using 

ABAQUS software. Through the comparisons in this study, 

some salient conclusions can be stated, as follows. 

 Both cracks and the inclination angle θ have 

significant impacts on the stability of a roadway in a 

fractured rock mass. When θ = 45°, the peak stress of 

the flawed roadway tunnel model under static loads is 

82.02% of that of an intact roadway tunnel model. This 

means that at θ=45°, the static stability of the flawed 

roadway tunnel model is the lowest. 

 A mixed-mode I/II crack in the flawed roadway tunnel 

models subjected to static loads is likely to produce a 

wing crack and anti-wing crack, and the sidewalls are 

also damaged during the failure process. However, 

only a wing crack is produced at the crack tip under 

dynamic loads. Meanwhile, some tensile cracks are 

formed at the bottom of the roadway tunnel model. 

The stress value in the crack region is greater than that 

in the non-crack region, and the stress value in the 

middle region of the specimen is the largest; this is 

why the crack propagates along the maximum 

principal stress region. 

 The fracture modes of the flawed roadway tunnel 

models under impact loads were mainly crack 

initiation and propagation, indicating that the stability 

of the flawed roadway tunnel models under dynamic 

loads is closely related to the stress field at the crack 

tip. As the inclination angle θ = 45°, the dynamic 

stability of the flawed roadway tunnel models is the 

lowest. 
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