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a b s t r a c t

Tunnels in fractured rock masses are typically damaged by dynamic disturbances from various di-
rections. To investigate the influence of blasting load directions on the stability of a tunnel with a pre-
crack nearby, blasting tests were conducted on the physical models of an external crack around a
tunnel (ECT) in this study. Failure modes of the tunnels were analysed based on stress wave theory. The
RiedeleHiermaiereThoma (RHT) material model was employed to perform the numerical simulations
on ECT models. Stress distribution around the tunnels and final failure patterns of the tunnels were
characterised. The results show that, under blasting loads, the pre-crack propagates and then new
cracks initiates on the incident side of the tunnel. These cracks extend towards each other and
eventually coalesce. Blasting load directions significantly influence the ultimate failure mode of the
tunnel in the fractured rock masses. The new cracks on the shadow side of the tunnel appear at
different positions when the blasting stress waves come from various directions. The results are
meaningful to the analysis of tunnel stability and optimisation of the tunnel support scheme.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Tunnels, roadways, and cavities are usually excavated in com-
plex geological environments. The fractured rock mass encoun-
tered generally contains many weak planes, such as natural joint
and crack, excavation-induced crack, and pass-through fault (Lei
et al., 2017; Di et al., 2020; Han et al., 2020; Xu et al., 2020; Zhao
et al., 2020), as shown in Fig. 1. These weak planes have a great
influence on the stability of underground structures. In addition,
tunnels may undergo dynamic disturbances induced by impact,
earthquake, and blasting (Zhang and Zhao, 2013; Shen et al., 2014;
Mobaraki and Vaghefi, 2015; Huang et al., 2017). Under these dis-
turbances, especially under blasting loads with high amplitude and
strain rate, cracks near the tunnel will initiate, propagate, and
eventually lead to tunnel failure, which can seriously threaten the
hu), wangmengscu@hotmail.

ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
by-nc-nd/4.0/).
safety of personnel, delay the project progress, and cause economic
loss (Zhou et al., 2012; Liu et al., 2017; Weng et al., 2017a). When
blasting loads come from various directions, tunnel failure may be
characterised by various failure patterns. Therefore, when there is a
crack near a tunnel, it is important to identify the failure mode of a
tunnel subjected to blasting loads from various directions, which is
also crucial for safe construction and support design.

In recent years, researchers have studied the factors that cause
rock failure using various methods, including theoretical analyses
(Timoshenko and Goodier, 1951; Fraldi and Guarracino, 2010),
laboratory experiments (Gong et al., 2019; Luo et al., 2019), and
numerical simulations (Zhu et al., 2005; Li et al., 2018a). These re-
searches have revealed that the failure mode of rock is closely
related to its mechanical properties and the existence of cavities.
However, in most of these studies, it is assumed that the rock is
intact, which has not considered the influence of natural or artificial
cracks in the actual rock mass. Suorineni et al. (1999) pointed out
that, when applying the open stope mining method, faults increase
the risk of stope instability and damage. The angle between the
fault and the stope is an important factor that affects the stope
stability. Bruneau et al. (2003) reported the shaft damage induced
by a fault. Jia and Tang (2008) used rock failure process analysis to
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Fig. 1. Schematic diagram of a tunnel excavated in a fractured rock mass.
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understand the failure mechanism of a tunnel in a fractured rock
mass and revealed that the joint angle can significantly influence
the failuremode of the tunnel. Huang et al. (2013) conductedmodel
tests and numerical simulations to investigate the effects of weak
interlayers on tunnel stability. Their results showed that a weak
interlayer can cause asymmetry in the stress distribution and
aggravate tunnel failure.

The above studies mainly focused on the analyses of the stability
of tunnels or cavities under static or quasi-static loads. In addition,
dynamic disturbance is another important factor that can induce
rock failure (Martino and Chandler, 2004; Zhu et al., 2010; Wang
et al., 2020). Huang and Wang (1999) and Yan et al. (2015)
demonstrated that the rockburst around a tunnel is the result of
coupled static and dynamic forces. Su et al. (2017) studied the
mechanism of rockbursts induced by dynamic disturbances. Weng
et al. (2017b) conducted the split Hopkinson pressure bar (SHPB)
experiments to study the failure modes of rock specimens con-
tainingmini-tunnels and demonstrated that their failuremodes are
dominated by tensile cracks when the pre-stresses are low. Liu et al.
(2014) studied the failure of rock specimens with holes subjected to
coupled static and dynamic loads. Zhu et al. (2014) investigated
zonal disintegration around a tunnel using AUTODYN under dy-
namic loads. Li and Weng (2016) used LS-DYNA software to
investigate the energy evolutions of the rock mass at different lo-
cations around the tunnel under different lateral pressure co-
efficients, and analysed the effects of the stress wave amplitude and
direction on the failure pattern of the tunnel. Li and Li (2018) and Li
et al. (2018b) determined that, when a plane wave is incident on a
circular tunnel, cracks appear on the incident and shadow sides of
the tunnel and extend parallel to the direction of stress wave
propagation. These studies (e.g. Liu et al., 2014; Zhu et al., 2014; Li
andWeng, 2016; Weng et al., 2017b; Li and Li, 2018; Li et al., 2018b)
showed that, when no cracks exist, newly developed cracks appear
around the tunnel or cavity owing to the stress concentration after
the stress wave arrives. Nevertheless, when cracks exist near the
tunnel or cavity, the stress concentration around the tunnel or
cavity can affect the crack propagation path and ultimately influ-
ence its failure mode. The cracks initiate and propagate when
subjected to dynamic loads. Some researchers used ingenious
models that contain cracks and tunnels to study the failure modes
of tunnels under dynamic loads (Zhou et al., 2018; Tang et al., 2019).
Zhou et al. (2018) found that the failure patterns of cracked tunnels
subjected to dynamic loads are quite different from those under
static loads. However, the influence of blasting loads on tunnel
failure has not been explored in these studies. Blasting loads are not
the same as impact loads in terms of loading rate and amplitude
(Liu et al., 2020). Regardless of the drop weight test or the SHPB
test, the generated wave is only a plane or a one-dimensional (1D)
P-wave. The blasting stress wave is a spherical or cylindrical wave,
which results in a large difference in the mechanical behaviours of
rock between the rock under impact and that subjected to blasting
loads. Therefore, studying the failure mode of a tunnel with a crack
nearby under blasting loads is of great importance. Cracks initiate
and expand under blasting loads and are very likely to propagate to
the tunnel face, eventually leading to tunnel failure. In addition,
crack propagation behaviours on the incident and shadow sides of
the tunnel may exhibit different modes.

In terms of the dynamic responses of rocks subjected to blasting
loads, some researchers ascertained crack initiation toughness and
identified the crack propagation path and failure mode of rocks (He
et al., 2018; Li et al., 2018a; Liu et al., 2020). Using the physical
models containing simulated tunnels, Guo et al. (2016) conducted
relevant studies on crack propagation behaviour under blasting
loads. However, the polymethyl methacrylate material used is
relatively isotropic and homogeneous, which may not mimic the
mechanical behaviour of an anisotropic and heterogeneous mate-
rial such as rock under blasting loads. In addition, blasting tests are
expensive and difficult to conduct. Most blasting tests have focused
on the basic mechanical properties of rock. Although this is also
vital to rock engineering, more attention should be paid to the
failure mode of tunnels in practical engineering. In particular, when
cracks exist near a tunnel, the failure mode of the tunnel under
blasting loads is essential to support design. To date, there is a lack
of related research, and thus the aim of the present study is to fill
this gap.

In this study, the physical models of an external crack around a
tunnel (ECT) were built, and blasting tests were conducted on ECT
models. Crack propagation gauges (CPGs) were utilised to record
the crack propagation data, including the crack initiation time and
growth path. The experimental results were analysed based on the
theory of stress wave propagation and reflection. The Riedele
HiermaiereThoma (RHT) material model parameters of green
sandstonewere then determined.With the RHTmodel adopted, LS-
DYNA software was used to conduct the numerical study, and the
reliability of the numerical simulation was verified. The displace-
ment trend line method was employed to identify the failure
pattern around a tunnel subjected to blasting loads from various
directions.

2. Experimental study

2.1. ECT model and measuring system

To understand the crack propagation behaviour and failure
mode of a tunnel under blasting loads that come from various
directions when cracks exist near the tunnel, a simplified ECT
model was designed to conduct blasting tests, as shown in Fig. 2a.
Because the stress wave reflected from the model boundary can
significantly influence the experimental results, the model should
be sufficiently large to reduce this influence. The model size is
600 mm � 600 mm � 15 mm (length � width � thickness). A
blasthole with 8 mm in diameter is located at 200 mm and
300 mm away from the left and the lower boundaries of the
model, respectively. The length of the pre-crack was 70 mm, and
the distance between the left crack tip and the centre of the
blasthole is 20 mm. An inverted U-shaped tunnel is excavated in
the model with a circular arch radius of 25 mm, sidewall height of
25 mm, and width of 50 mm. The centre of the arch is 365 mm and
300 mm away from the left and lower boundaries of the model,
respectively. As shown in Fig. 2a, the distances from the blasthole



Fig. 2. Sketches of (a) the ECT model and (b) the blast loading system. The unit for the
dimensions in (a) is mm.

Table 1
Mechanical parameters of green sandstone.

Property Unit Value

Density, r kg/m3 2265
Poisson’s ratio, n 0.21
Elastic modulus, E GPa 13.5
Compressive strength, sc MPa 24.16
Tensile strength, st MPa 2.16
P-wave velocity, Cp m/s 2563
S-wave velocity, Cs m/s 1607
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centre to the left, upper, and lower boundaries of the model are
200 mm, 300 mm, and 300 mm, respectively. The distance be-
tween the blasthole centre and tunnel centre is 165 mm. The P-
wave velocity in the sandstone adopted in this study is 2563 m/s.
Therefore, the time for the blasting stress wave to propagate from
the blasthole to the left boundary and the time for the reflected
stress wave to propagate from the left boundary to the pre-crack
tip are longer than that for the blasting stress wave to arrive at
the tunnel. This means that the crack initiation and propagation
around the area between the pre-crack and tunnel are not affected
by the reflected stress wave.

To facilitate the investigation of the influence of blasting load
directions on the failure mode of the tunnel, instead of altering the
position of the blasthole, the angle between the tunnel symmetrical
axis and the horizontal direction (a) is changed. The investigated
angles are 0�, 30�, 45�, 60�, 90�, 120�, 135�, 150�, and 180�. Two
models are prepared for each case to ensure that at least one test is
successful.

The model is made of green sandstone, which has been widely
used to investigate the dynamic failure of rocks (e.g. Li et al., 2018a;
Zhou et al., 2018; Liu et al., 2020). Themechanical parameters of the
green sandstone used in the blasting tests are listed in Table 1.

Blasting tests were conducted in the Blast Laboratory at the
Southwest University of Science and Technology, as shown in Fig. 3.
In this test, an electric detonator with a diameter of 6.8 mm was
placed at the centre of the blasthole, and the coupling mediumwas
air. A pedestal was placed under the model to prevent the deto-
nator frommoving up and down. In addition, a circular rubber ring
was used to restrict the detonator from moving left and right. The
measuring system included a strain amplifier, a constant voltage
supply, a data collection system, and a workstation. A strain gauge
(SG) was pasted on the blasthole wall to trigger the data collection
system, which means that the data collection system starts to
collect data when the strain monitored by the strain gauge exceeds
the threshold value.
The data during crack propagation were obtained using CPGs.
The CPG used in the blasting tests was BKX3-17.8CY-21-W. As
shown in Fig. 4, the effective monitoring range is 44 mm � 20 mm
(length�width), and the resistance is about 3 U. A total of 21 wires
were used. The distance between two adjacent wires is 2.2 mm.
These wires have different widths, and thus their resistances are
not identical. The first wire has the lowest resistance, while the 21st
wire has the highest resistance. In the experiment, the first wire of
the CPG should be aligned with the pre-crack tip and firmly stuck
along the crack propagation path. After the detonator was fired, the
pre-crack initiated and propagated under the blasting load, and the
CPG wires broke. As a result, the total resistance of the CPG
changed, and the voltage signals of the CPGmonitored during crack
propagation varied. Generally, when CPG wires break one by one, a
steplike voltage signal is produced. According to these steplike
voltage signals, the crack initiation time and the time at which each
wirewas broken can be determined. The crack propagation velocity
can then be calculated based on the distance and breaking time
between two wires.

2.2. Blasting test results

Fig. 5 shows the blasting test results. It can be seen from the
figure that failure modes of ECT models are different when blasting
loads come fromvarious directions. The overall failure zones can be
divided into three main regions for analysis: the vicinity of the
blasthole, the incident side of the tunnel, and the shadow side of
the tunnel.

After the detonator was fired, the strength of the shock wave
induced by the blasting was extremely high. When its strength
exceeds the dynamic compressive strength of the rock, a crushed
zone is formed near the blasthole (Kutter and Fairhurst, 1971),
resulting in the formation of a cavity with a certain radius, as shown
in Fig. 5. Because the formation of this zone consumes considerable
energy, the shock wave decays quickly. Outside the crushed zone,
the shock wave attenuates into a compressive stress wave, and its
strength is no longer greater than the dynamic compressive
strength of the rock. Therefore, the crushed zone is usually small.
Under the compressive stress wave, rock particles are pushed
outwards in the radial direction, thereby generating tensile stress in
the tangential direction. Because the dynamic tensile strength of
the rock is much lower than the dynamic compressive strength,
radial cracks are generated. Fig. 5 shows that 1e3 major long cracks
appeared and propagated to the model boundaries.

2.2.1. Failure modes on the incident side of the tunnel
As can be seen from the red dashed boxes in Fig. 5, the crack

propagation path is not a straight line, but a curved shape. How-
ever, the blasthole is located at the extended line of the pre-crack;
consequently, the blasting stress wave propagates parallel to the
pre-crack. If there is no tunnel, it can be regarded as a mode-I crack,
and the crack propagation path would be almost a straight line (Liu
et al., 2020). The crack propagation path is deflected, which



Fig. 3. Blasting test and the measuring system.

Fig. 4. Sketch of the CPG.
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illustrates that the existence of the tunnel has a certain influence on
the pre-crack propagation around the tunnel, and this effect is
related to the blasting load direction. For these cases, pre-cracks
were all initiated, but they propagated to various positions of
tunnels when the angle a was different. When a ¼ 0�, i.e. the
blasting stress wave propagates perpendicular to the floor of the
tunnel, the pre-crack eventually propagates to around themidpoint
of the floor. As a increases to 30�, 45�, and 60�, the pre-cracks
deflect towards the corner of the tunnel. For the case of a ¼ 45�,
the pre-crack finally propagates to the corner of the tunnel, and
when a is 30� and 60�, the pre-crack extends to a position that has a
certain distance from the corner. For a ¼ 90�, i.e. the blasting stress
wave propagates vertically to the sidewall of the tunnel, the pre-
crack finally propagates to the spandrel. When a ¼ 120�, 135�,
and 150�, the pre-cracks ultimately propagate to the collision point
between the extended line of the pre-crack and the tunnel. This
also indicates that, for these three cases, the blasting load direction
has a limited effect on the failure mode of the ECT model. When
a ¼ 180�, i.e. the blasting stress wave propagates to the roof of the
tunnel, the pre-crack eventually propagates to the roof. The above
scenarios are mainly due to the superposition of the incident and
reflected stress waves; complicated stress concentration occurs at
different positions of the tunnel, resulting in different pre-crack
propagations and tunnel failure modes, which will be further
analysed in Section 3.

The voltage signals monitored by the CPG for various values of a
are shown in Fig. 6. The steplike voltage signal indicates that the
CPG wires are broken. The derivative of the voltage signal versus
timewas calculated, and the time corresponding to its extremum is
regarded as the breaking time of the CPG wire, which is also the
timewhen the crack propagated to the positionwhere the CPGwire
is broken. Because the distance between adjacent wires of the CPG
is fixed (2.2 mm), the corresponding crack propagation velocity can
be obtained based on the breaking time of the wires. According to
our previous research (Li et al., 2018a; Zhou et al., 2018; Liu et al.,
2020), for the propagation of mode-I cracks, CPG wires will be
cut from the first wire to the 21st wire to record 21 steps of voltage
signals. In the present blasting tests, Fig. 5 shows that, for each case,
all the CPG wires were cut. If the pre-crack extended steadily from
the crack tip to the tunnel face, there were 21 voltage signal steps.
However, as a increased from 0� to 180�, the measuring system
recorded 10, 8, 7, 11, 9, 14, 15, 14, and 12 steps of voltage signals
instead of 21 steps, which indicates that the 21st wire of the CPG
broke before the pre-crack expanded to it, i.e. the last broken wire
of the CPG is not the 21st wire. Therefore, it can be inferred that,
under blasting loads, the pre-crack initiates and propagates, and a
new crack will initiate and propagate from the tunnel. Finally, they
coalesce with each other where the deflection occurs in the crack
propagation path. Because this process is extremely fast and a high-
speed camera was not available, the process will be further ana-
lysed later in conjunctionwith the numerical simulations in Section
4.

In addition, Freund (1990) pointed out that the crack propaga-
tion velocity cannot exceed the Rayleigh wave velocity, which is
lower than the shear wave velocity (Viktorov, 1967). Therefore, the
crack extension lags behind the stress wave propagation. Related
experimental studies (Li et al., 2018a; Liu et al., 2020) have shown
that the crack propagation velocities of sandstone under blasting
loads are approximately several hundred meters per second. Zhang
and Zhao (2014) also pointed out that the crack propagation ve-
locities of sandstone are in the range of 300e650 m/s. The research
by Li et al. (2018a) indicated that the average crack propagation
velocity for sandstone subjected to a blasting load is 529.3 m/s. The
P-wave velocity of the green sandstone used in the experiment was
2563 m/s. It is assumed here that the lag time from when the
blasting stress wave reaches the pre-crack tip to its initiation is
equal to the lag time from thewave arriving at the tunnel face to the
occurrence of the newcrack initiated from the tunnel. It takes about
17.2 ms for the P-wave to propagate a distance of 44 mm (the
effective length of the CPG), and the pre-crack propagation velocity
is conservatively taken as 300 m/s. When the pre-crack initiates
and propagates to a distance of 5.16 mm, it can be calculated that a
new crack that initiates from the tunnel has not occurred. There-
fore, the breaking time of the first three wires of the CPG is accu-
rate, which means that these three wires were cut in sequence as a
result of the pre-crack propagation. It is not possible to determine
whether the followingwires are cut as a result of the propagation of
the pre-crack or the new crack initiated from the tunnel. The
initiation time of the pre-crack and average crack propagation ve-
locity are listed in Table 2.

The above results illustrate that the blasting load directions have
only a minor effect on the initiation time of the pre-crack. The pre-
crack is the earliest to initiate for a ¼ 90�, while it is the latest to
initiate for a ¼ 150�. The difference in the pre-crack initiation time
is within 18.6 ms, which may be caused by measurement errors
during the blasting tests. The average propagation velocity of the



Fig. 5. Failure modes of ECT models: (a) a ¼ 0� , (b) a ¼ 30� , (c) a ¼ 45� , (d) a ¼ 60� , (e)
a ¼ 90� , (f) a ¼ 120� , (g) a ¼ 135� , (h) a ¼ 150� , and (i) a ¼ 180� .
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pre-crack was also maintained in a relatively narrow range, but it
exhibits no obvious trend.

2.2.2. Failure modes on the shadow side of the tunnel
The failure mode on the shadow side of the tunnel exhibits a

distinct regularity. When a is in the range of 0�e60�, under blasting
loads, new cracks initiate from the tunnel middle, i.e. the collision
point between the extended line of the pre-crack and the shadow
side of the tunnel, and gradually propagate to the boundaries. As a
increased to 90�, a crack appeared at the corner of the tunnel
instead. Similar phenomena occur for a ¼ 120�, 135�, 150�, and
180�, where new cracks initiate from the corners of tunnels and
propagate to the boundaries, indicating that, under these condi-
tions, a high stress concentration will occur at the corner of the
tunnel where is most likely to damage.

3. Blasting stress wave propagation and reflection

The above experimental results can be analysed from the
perspective of stress wave propagation and reflection. When the
detonator is fired, cylindrical waves are generated in the rock, and
when cylindrical waves propagate for a certain distance, they can
be regarded as plane waves (Li and Li, 2018; Li et al., 2018b). P- and
S-waves are induced by blasting; however, to simplify the analysis,
only the plane P-wave is considered.

As shown in Fig. 7, when the plane P-wave (Pi) reaches the crack
tip, it induces the diffracted P-wave (Pd), diffracted S-wave (Sd),
Rayleigh wave (Rp), and head wave (De Hoop, 1958). Pd and Sd are
two cylindrical waves diverging outwards from the crack tip, and
the stress induced by them attenuates sharply with the propaga-
tion distance. The head wave is a plane shear wave formed by the
convergence of Sd, and it has high strength (Yue et al., 2019). Rp is a
surfacewave that propagates in the area near the crack surface. This
can cause the particles near the crack surface to undergo elliptical
motion, producing an obvious displacement perpendicular to the
crack surface, and thus has a significant influence on crack initia-
tion and propagation.

So far, no clear conclusion can be reached on the effects of these
four waves on crack initiation and propagation, and it is difficult to
identify the influence of each wave on the behaviour of crack
initiation and propagation. Erdogan and Sih (1963) proposed the
maximum circumferential tensile stress theory, which converts
stresses near a crack tip into radial and tangential stresses, as
shown in Fig. 8. Thereafter, the crack initiation and expansion
behaviour can be clarified by analysing the radial and tangential
stresses, which makes it convenient to analyse such problems.
When the stress wave is incident parallel to a crack, a symmetrical
stress field is generated near the upper and lower surfaces of the
crack. Once the circumferential stress exceeds its threshold, the
crack starts to initiate and propagate, which explains why, during
the early stage of the pre-crack propagation, its path is almost a
straight line.

As the stress wave continues to propagate and arrive at the
tunnel face, it is reflected. After the reflected and incident stress
waves are superimposed, a complex stress field is formed around
the incident side of the tunnel. This stress field is analysed as
follows.

The detonation pressure PðtÞ induced by blasting acts on the
blasthole wall, and the stress distribution in the rock can be
calculated theoretically. Here, we assume that the rock medium
conforms to the basic assumptions in elastic mechanics, i.e. the rock
is continuous, completely elastic, homogeneous, and isotropic. The
governing equation of the stress wave in the medium in polar co-
ordinates can be expressed as follows (Miklowitz, 1984):

v24ðr; tÞ
vr2

þ v4ðr; tÞ
rvr

� v24ðr; tÞ
C2
pvt

2 ¼ 0 ðr > a; t > 0Þ

4ðr; tÞjt¼0 ¼ v4ðr; tÞ
vt

����
t¼0

¼ 0 ðr � aÞ

lim
r/N

4ðr; tÞ ¼ 0 ðt > 0Þ

sdrrða; tÞ ¼ PðtÞ

9>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>;

(1)

where a is the radius of the blasthole, r is the distance from the
blasthole, 4ðr; tÞ is the displacement potential function, and sdrr is
the radial stress. PðtÞ can be obtained by (Blair, 2007):

PðtÞ ¼ PVNðeg=nÞntne�gt (2)

where PVN is the blasthole pressure after blasting, n and g are the
integers and pressure decay parameters, respectively.

The stress in the medium can then be expressed as



Fig. 6. Curves of voltage signals: (a) a ¼ 0� , (b) a ¼ 30� , (c) a ¼ 45� , (d) a ¼ 60� , (e) a ¼ 90� , (f) a ¼ 120� , (g) a ¼ 135� , (h) a ¼ 150� , and (i) a ¼ 180� .
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sdrrðr; tÞ ¼ ð2mþ lÞv24ðr; tÞ
vr2

þ lv4ðr; tÞ
rvr

sdqqðr; tÞ ¼ lv24ðr; tÞ
vr2

þ ð2mþ lÞv4ðr; tÞ
rvr

sdzzðr; tÞ ¼ n
�
sdrr þ sdqq

�

9>>>>>>>>=
>>>>>>>>;

(3)

where l and m are the Lame constants, sdqq represents the tangential
stress, and sdzz is the normal stress in the out-of-plane direction.

The Laplace transform can be used to solve these equations, and
the general solution is as follows:

4ðr;mÞ ¼ Hðt � t0ÞK0ðs2rÞs1
m
h�

2s2
.
k2a
�
K1ðs2aÞ þ s22K0ðs2aÞ

i
s1 ¼ PðmÞ=ðlþ 2mÞ
s2 ¼ m

�
Cp

t0 ¼ ðr � aÞ�Cp
k ¼ Cp

�
Cs

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;

(4)
where m is the Laplace transform parameter; Hðt � t0Þis the
Heaviside function; and K0 and K1are the second-type zero-order
and first-order modified Bessel functions, respectively.

Durbin (1974) conducted a numerical inversion of Eq. (4). Dur-
bin’s method and Dubner’s method used by Yi et al. (2018) were
compared by Tao et al. (2020), who determined that the results
obtained by these methods are consistent.

The result of Durbin’s method can be expressed as follows:

4ðr; tÞ ¼ 2eat

T

(
� 1
2
Re½4ðr;aÞ�þ

XN
k¼0

�
Re
�
4

�
r;aþ ik

2p
T

	


$cos
�
k
2p
T

t
	
� Im

�
4

�
r;aþ ik

2p
T

	

sin
�
k
2p
T

t
	�)

(5)

where a is any real number (0 � a � Re(m)) and T is the time in-
terval (0 � t � T/2).

By using Eqs. (1)e(5), the stress distribution inside the rock
under a blasting load was obtained. The radius of the blasthole in
our experiment was 4 mm, and the dynamic stress evolution in the
green sandstone is shown in Fig. 9.



Fig. 6. (continued).
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Table 2
Data for pre-crack propagation.

a (�) Fracture initiation time, ti (ms) Average crack propagation velocity (m/s)

0 59.4 478.3
30 57.3 323.5
45 58.5 505.7
60 66.8 343.8
90 55.2 772
120 65.3 536.6
135 70.7 440
150 73.8 656.7
180 73 550

Fig. 7. Wavefronts when a plane P-wave reaches a crack tip.

Fig. 8. Stress distribution around a crack tip.
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It can be seen from Fig. 9 that, after blasting, the radial and
tangential stresses always change from compressive stress to ten-
sile stress, and they attenuate rapidly with time. In the radial di-
rection, the radial compressive stress quickly reaches the
extremum and then changes to tensile stress. In addition, in the
vicinity of the blasthole, the maximum value of the radial
compressive stress was greater than the extremum of the radial
tensile stress. With increasing distance from the blasthole, the
extremum of the radial compressive stress gradually approaches
Fig. 9. (a) Radial and (b) tangential stresses a
the maximum value of the radial tensile stress. In the tangential
direction, after the tangential stress transforms from compressive
to tensile, the extremum of the tangential tensile stress becomes
higher than the maximum tangential compressive stress near the
blasthole. As the distance from the blasthole increases, the
extremum of the tangential compressive and tensile stresses
gradually become equal. Therefore, the dominant stress is the
compressive stress in the radial direction. Generally, for blasting
problems, more attention is paid to the tensile stress in the
tangential direction. Fig. 9 shows that the peak value of the
tangential compressive stress is much lower than that of the radial
compressive stress. Therefore, the tensile stress can be regarded as
the dominant stress in the tangential direction. This is consistent
with the results reported by Yang et al. (2018).

The stress field around the incident side of the tunnel when the
blasting stress wave passed through the pre-crack is shown in
Fig. 10. Here, the cases of a ¼ 0� and 120� are selected for analysis;
other cases can also be analysed based on the illustration.

The incident stress wave can be decomposed into radial
compressive stress and tangential tensile stress, as shown in
Fig. 10a. For a ¼ 0�, this is the case in which the stress wave is
incident perpendicular to the free surface, i.e. the floor of the
tunnel. The incident stress wave was reflected off the floor of the
tunnel. The reflected stress wave was in the direction opposite to
the incident stress wave. The radial compressive stress was re-
flected as the radial tensile stress, and the tangential tensile stress
was reflected as the tangential compressive stress. For cases in
which the stress wave is obliquely incident on the tunnel, the
propagation direction of the reflected stress wave is related to a. As
shown in Fig. 10c and d, when a ¼ 120�, the left side of the tunnel
vault and the left sidewall are the free surfaces. The components of
the stress wave in the radial and tangential directions will follow
the same law as that for normal incidence of the stress wave, i.e. the
radial compressive stress is reflected as the radial tensile stress, and
the tangential tensile stress is reflected as the tangential
compressive stress. These reflected and incident stress waves will
be superimposed, and eventually, a complicated stress concentra-
tion will develop around the tunnel. When the superimposed
tangential tensile stress exceeds the dynamic tensile strength of the
rock, cracks occur around the tunnel. This is also consistent with
the studies by Li and Li (2018) and Li et al. (2018b), who found that
cracks appear around the tunnel owing to the stress concentration
under the plane P-wave. It should be noted that the reflection and
diffraction of blasting stress waves at the free surface and the final
t different distances from the blasthole.



Fig. 10. Stress evolution around the incident side of the tunnel: (a) Propagation of normal incident stress wave, (b) Reflection of normal incident stress wave, (c) Propagation of
oblique incident stress wave, and (d) Reflection of oblique incident stress wave.
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superimposed stress field are extremely complicated. A certain
degree of simplification was performed in the above discussion to
qualitatively analyse the problem.

As explained in Section 2.2.2, crack propagation lags behind the
stress wave propagation. Therefore, the pre-crack starts to propa-
gate, and before it reaches the tunnel face, a new crack also initiates
from the tunnel as a result of the superposition of stress waves.
They eventually coalesce with each other.

In summary, the fracture process of rock around the tunnel
starts with the initiation and propagation of a pre-crack outside the
tunnel under blasting loads. Then, when the blasting stress wave
arrives at the tunnel, a new crack initiates and propagates from the
incident side of the tunnel. Finally, the two cracks coalesce with
each other. This explains the deflection of the crack propagation
path, as shown in Fig. 5.

To verify the above analysis, two strain gauges SG1 and SG2
were pasted on the back of the model for the case a ¼ 150�, as
shown in Fig.11a. Fig.11b shows the strain histories recorded by the
strain gauges. It can be seen that the fracture times of SG1 and SG2
are t1 ¼ 144.05 ms and t2 ¼ 108.05 ms, respectively. SG2 fractured
first, which means that, before the pre-crack propagated to the
tunnel face, a new crack initiated from the tunnel and propagated
towards the incident direction of the blasting stress wave and
finally coalesced with the pre-crack. This proves that the analysis
above is accurate and reliable.
4. Numerical study

To further analyse the crack propagation behaviour and failure
modes of the tunnel under blasting loads, the finite element
software LS-DYNA was used for numerical simulation. The model
shown in Fig. 2, which contains rock, explosive, and air materials,
was established. The average mesh size was 1 mm, and the mesh
was appropriately refined near the blasthole. To prevent the grid
near the blasthole from being deformed significantly after blasting
and causing the numerical calculation to terminate incorrectly, the
Fluid-Structure Interaction method in LS-DYNA was applied in this
simulation. The explosive and air parts are controlled by Arbitrary
Lagrangian-Eulerian (ALE) formulation. The rock was set as the
Lagrangian part. This method can prevent the rock from deforming
significantly during the calculation process to ensure the robust-
ness of the calculation.
4.1. Material models

4.1.1. RHT model for rock
For numerical simulation, it is crucial to determine whether

the material model selected is reliable for solving nonlinear,
large-deformation problems such as blasting (Chao et al., 2020).
LS-DYNA provides many material models that can be used to
simulate rock or rocklike materials, such as the Johnsone
Holmquist model (Ma and An, 2008), the continuous surface
cap model (Tao et al., 2012), the CowpereSymonds model (Zhao
et al., 2017), and the KaragozianeCase model (Liu et al., 2018b,
2019). The CowpereSymonds model is efficient, but may be too
simple to characterise the dynamic response of the rock sub-
jected to blasting loads. Determining the parameters of the
continuous surface cap model is complicated (Li and Weng,
2016). The JohnsoneHolmquist model can describe the damage
of the material in the compressed state, but it is not good at



Fig. 11. Method for characterising the crack propagation behaviour for a ¼ 150�: (a) Position of strain gauges, and (b) Histories of strains versus time.
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describing the tensile damage of the material (Liu et al., 2018a).
In contrast, the KaragozianeCase model can simulate the tensile
damage of the material perfectly, but its modelling of the
compressive damage of the material is insufficient (Brannon and
Leelavanichkul, 2009). Recently, the RHT material model has
been widely used to solve rock blasting problems (Borrvall and
Riedel, 2011; Xie et al., 2017). It considers compressive and ten-
sile damages, strain rate effect, confining pressure effect, strain
hardening, and damage softening effects. Therefore, the RHT
model was utilised in this study.

Related studies (Yang et al., 2017; Zhao et al., 2017) have shown
that rocklike materials exhibit different strain rate effects under
compression and tension. Therefore, for the strain rate effect of the
RHT model, the strain rate strength factors under compression and
tension (Fcr ð _εpÞ and Ftrð _εpÞ, respectively) should be calculated
separately:
Frð _εÞ ¼
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where _εp is the strain rate; _εc0 and _εt0 are the reference strain rates
under compression and tension, respectively (here taken as
_εc0 ¼ 3 � 10�5 s�1 and _εt0 ¼ 3 � 10�6 s�1); and _εcp and _εtp are the
current strain rates under compression and tension, respectively. gc
and gt can be determined from the continuity requirements;
however, they are relatively difficult to obtain. Xie et al. (2017)
fitted the data in Zhang and Zhao (2013) and pointed out that,
when _εcp ¼ 30 s�1, gc ¼ 0.512; and when _εtp ¼ 10�1 s�1, gt ¼ 2.4. bc
and bt are the material constants that can be calculated by

bc ¼ 4=ð20þ 3fcÞ
bt ¼ 2=ð20þ fcÞ

�
(8)

where fc is the uniaxial compressive strength (in MPa). bc and bt
were calculated as 0.043 and 0.045, respectively. The strain rate
dependence can then be expressed as
where Frð _εÞ is the strain strength factor, p is the pressure, and ft is
the uniaxial tensile strength (in MPa).

The Pea compaction equation of state (EOS) is given by

Pðr; eÞ ¼ ðB0 þ B1εvÞa0r0eþ A1εv þ A2ε
2
v þ A3ε

3
v

a
ðεv >0Þ (10)

where Pðr; eÞ is the EOS pressure; B0 and B1 are the material con-
stants; a0 is the initial porosity of the material; r0 is the initial
density of the material; e is the internal energy per unit mass; εv is
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the volumetric strain; and A1, A2, and A3 are the polynomial co-
efficients. These coefficients can be calculated according to the
equations given by Xie et al. (2017):

A1 ¼ a0r0V
2
s

A2 ¼ a0r0V
2
s ð2M � 1Þ

A3 ¼ a0r0V
2
s ½ð3M � 1ÞðM � 1Þ�

9>>>=
>>>;

(11)

where Vs is the velocity of sound at ambient pressure and tem-
perature, and M is the material constant. A1, A2, and A3 can be
calculated as 13.37 GPa, 19.68 GPa, and 8.5446 GPa, respectively.

The failure surface parameters A and N can be obtained by

s*f ðP*; FrÞ ¼ A
h
P* � Fr

.
3þ ðA=FrÞ�1=N

iNð3P*� FrÞ (12)

where s*f ðP*; FrÞ ¼ sf=fc is the normalised strength relative to the
compressive strength, and P* ¼ P=fc is the normalised pressure.
Usually, these two parameters can be calculated based on the true
triaxial compression test results of the material. The recommended
values from the literature (Borrvall and Riedel, 2011) were adopted
here: A ¼ 1.6 and N ¼ 0.61. Other parameters were determined by
trial-and-error tests based on the values recommended in the
literature (Borrvall and Riedel, 2011). The RHT parameters of green
sandstone are listed in Table 3.
4.1.2. Parameters for the explosive
In our experiments, the No. 8 instantaneous electric detonator

produced by the Yahua Group was used, and the explosive was
Table 3
RHT parameters of green sandstone.

Parameter Unit Value

Density kg/m3 2265
Elastic shear modulus GPa 5.5785
Relative shear strength 0.18
Relative tensile strength 0.0894
Parameter for polynomial EOS, T1 GPa 13.37
Parameter for polynomial EOS, T2 GPa 0
Damage parameter, D1 0.04
Damage parameter, D2 1
Hugoniot polynomial coefficient, A1 GPa 13.37
Hugoniot polynomial coefficient, A2 GPa 19.68
Hugoniot polynomial coefficient, A3 GPa 8.5446
Failure surface parameter, A 1.6
Failure surface parameter, N 0.61
Residual surface parameter, AF 1.6
Residual surface parameter, NF 0.61
Parameter for polynomial EOS, B0 1.22
Parameter for polynomial EOS, B1 1.22
Reference compressive strain rate 3� 10�5

Reference tensile strain rate 3� 10�6

Break compressive strain rate 3� 1025

Break tensile strain rate 3� 1025

Lode angle dependence factor, Q0 0.6805
Lode angle dependence factor, B 0.0105
Compressive yield surface parameter 0.53
Tensile yield surface parameter 0.7
Crush pressure MPa 16.1
Compaction pressure GPa 6
Shear modulus reduction factor 0.5
Eroding plastic strain 2
Minimum damaged residual strain 0.01
Porosity exponent 3
Initial porosity 1
Pressure influence on plastic flow in tension 0.001
Tensile strain rate dependence exponent 0.045
Compressive strength MPa 24.16
Compressive strain rate dependence exponent 0.043
Gruneisen gamma 0
hexogen. In the simulation, *MAT_HIGH_EXPLOSIVE_BURN was
used to model the explosive, and the JoneseWilkenseLee (JWL)
EOS was adopted to characterise the pressure change during
blasting. The JWL EOS is expressed as (Kury et al., 1965):

P ¼ A
�
1� u
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R2V

	
e�R2V þ uE

V
(13)

where P is the detonation pressure; V is the relative volume; E is
the internal energy per unit volume; and A, B, R1, R2, and u are the
material constants. The parameters utilised in the simulation,
whichwere obtained from the literature (Banadaki, 2010), are listed
in Table 4.

4.2. Numerical results

Rock elements can be blanked out when their damage level
exceeds a certain threshold to facilitate the analysis of the pre-crack
propagation behaviour and failure mode of the tunnel. For this
threshold, various values have been obtained by different re-
searchers (e.g. Yang et al., 2017; Yi et al., 2018). The threshold needs
to be determined according to the specific experimental results. In
this study, the elements whose damage levels exceed 0.4 were
blanked out, and the final results are shown in Fig. 12. Enlarged
views around the tunnels are indicated by red dashed frames. The
black dashed lines represent the crack propagation paths. The nu-
merical results are consistent with the experimental results shown
in Fig. 5.

Under blasting loads, for cases of different values of a, all pre-
cracks were first initiated and propagated, and the crack propaga-
tion paths are almost straight lines during the early stage, which is
consistent with the results shown in Fig. 5 and the discussion in
Section 3. In other words, during the early stage, the pre-crack initi-
ation and propagation are mainly affected by the incident blasting
stress wave.

On the incident side of tunnels, cracks deflect to the nearest cor-
ners of tunnels when a ¼ 30�, 45�, and 60�; whereas, in other cases,
crack propagation paths remain at the middle of the tunnels. For
a¼ 0� and 180�, the blasting stress wave is incident vertically on the
floor and roof of the tunnel, respectively. Owing to the symmetry of
the free surface, the stress field after the reflected wave and the
incident wave are superimposed should also be symmetrical. There-
fore, the crack propagation paths on the incident side of the tunnel
under these two conditions are approximately straight lines. How-
ever, the experimental results show that the cracks deflect, which
may be caused by the heterogeneity of the rock. In addition, for all
cases of various a, new cracks were initiated from the shadow side of
the tunnel and propagated to the boundaries of the model. When
a � 60�, the new cracks always initiated from the middle of the
tunnels, whereas in other cases, they always appeared at the corners
of the tunnels.

The case of a¼ 150� is taken as an example to analyse the failure
process around the incident side of the tunnel, as shown in Fig. 13.
Fig. 13a shows that the pre-crack initiates at 69.978 ms. At 112 ms, a
crack initiated from the tunnel appears, but at this time, the pre-
crack has not yet propagated to the tunnel face. Then, the two
cracks propagate towards each other and finally coalesce. This is
consistent with the discussion in Section 2.2.2. The initiation time
of the pre-crack obtained from the experiment was 73.8 ms, and the
fracture time of SG2 was 108.05 ms. The errors between the nu-
merical and experimental results were 5.18% and 3.66%, respec-
tively, which were both within a reasonable range. Therefore, the
numerical results fit well with the experimental results. The nu-
merical results of the crack initiation time for different a values are
listed in Table 5. The results indicate that the pre-crack initiation



Table 4
The parameters of the explosive (Banadaki, 2010).

Property Unit Value

Density kg/m3 1320
Velocity of detonation m/s 6690
Chapman-Jouguet pressure, Pcj GPa 16
A GPa 586
B GPa 21.6
R1 5.81
R2 1.77
u 0.282
E0 GPa 7.38

Fig. 12. Numerical results for various a: (a) a ¼ 0� , (b) a ¼ 30� , (c) a ¼ 45� , (d) a
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times for different values of a are essentially the same. It can be
inferred that the difference in the initiation time of the pre-crack
measured in the experiment may be caused by the in-
homogeneity of the rock and the experimental error. The pre-crack
initiation was mainly affected by the incident blasting stress wave,
and the reflected wave did not influence the crack initiation
behaviour. As a increases from 0� to 45�, the time for a crack to
initiate from the incident side of the tunnel gradually decreases.
When a¼ 45�, the time is the earliest; then, as a increases, the time
gradually increases and finally remains stable at about 112 ms. The
time for the crack initiated from the shadow side of the tunnel
¼ 60� , (e) a ¼ 90� , (f) a ¼ 120� , (g) a ¼ 135� , (h) a ¼ 150� , and (i) a ¼ 180� .



Fig. 13. Numerical results for a ¼ 150�: (a) Initiation of the pre-crack, (b) Crack initiated from the tunnel, (c) Crack propagation, and (d) Crack coalescence.

Table 5
Numerical results for crack initiation time.

a

(�)
Pre-crack
initiation time,
ti (ms)

Time for crack initiated from
incident side of tunnel (ms)

Time for crack initiated from
shadow side of tunnel (ms)

0 65.985 107.98 169.99
30 66.98 96.98 173.97
45 65.984 90.968 309
60 69.969 99.994 177.98
90 65.985 112.99 171.98
120 65.98 114.98 140.98
135 65.988 113.97 144.99
150 69.978 112 143.99
180 65.988 112.97 174.98
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reaches its peak at 309 ms when a ¼ 45�, and the difference in the
time is not too large for other cases.

Crack initiation and propagation are typically characterised by
the maximum circumferential tensile stress theory. In addition,
because the tensile strength of the rock is much lower than its
compressive strength, it is generally believed that tunnel failure is
mainly caused by the tangential tensile stress. Therefore, more
attention was paid to the tangential stress distribution around the
tunnel. The tangential stress distribution around the tunnel can be
viewed by establishing a local coordinate system at the centre of
the tunnel, as shown in Fig. 14. Fig. 15 shows the tangential tensile
Fig. 14. Stress distribution around the tunnel in polar coordinates.
stress evolution for a ¼ 150�. As shown in Fig. 15a, the maximum
tangential tensile stress occurs at the pre-crack tip at 69.978 ms, and
thus the pre-crack starts to initiate. Then, at 112 ms, the large
tangential tensile stress is concentrated around the incident side of
the tunnel, which results in the initiation of a new crack from the
tunnel. There is always a high tangential tensile stress between the
pre-crack and the tunnel, which causes the pre-crack and the crack
initiated from the tunnel to propagate towards each other and
finally coalesce. In addition, Fig. 15 shows that a large tangential
tensile stress concentration develops around the corner of the
tunnel. Therefore, it can be inferred that the corner is likely to
damage on the shadow side of the tunnel.
4.3. Failure modes

The analysis in Section 3 indicates that, after the blasting stress
wave reaches the pre-crack, it can be regarded as a pure mode-I
crack at the initial stage during its propagation. However, when
the blasting stress wave propagates to the tunnel face and is re-
flected, a complex stress field is formed. The crack propagation was
deflected, indicating that the crack pattern also changed. The RHT
material model cannot distinguish between tensile damage and
compressive damage, which makes it impossible to determine
whether the crack pattern is a tensile or shear failure. Therefore, the
displacement trend line method proposed by Zhang and Wong
(2013) was utilised to confirm the failure mode. According to the
displacement trend line, the crack pattern can be divided into three
categories: tensile failure, mixed tensileeshear failure, and shear
failure, as shown in Fig. 16. For the tensile failure of rock, the
displacement trend lines are separated from each other, indicating
a relative tensile displacement (see Fig. 16a). The shear failure of
rock is mainly characterised by the displacement trend lines
converging towards each other, resulting in a strong shearing effect
(see Fig. 16c). In addition, the displacement trend lines may have
the characteristics of relative tension and shear, which can be
considered as mixed tensileeshear failure (see Fig. 16b).

The failure modes of rock around the tunnel in the numerical
simulation are shown by red dashed frames in Fig.12. It is clear that,
at the initial stage of pre-crack initiation and propagation, its failure
mode is manifested as a tensile failure, which means that, at this



Fig. 15. Evolution of the tangential tensile stress for a ¼ 150�: (a) t ¼ 69.978 ms, (b) t ¼ 112 ms, (c) t ¼ 115.99 ms, and (d) t ¼ 118.97 ms.

X. Li et al. / Journal of Rock Mechanics and Geotechnical Engineering 14 (2022) 346e365 359
stage, crack initiation and propagation are mainly affected by the
incident stress wave, while the reflected wave has limited effects.
As the crack continues to propagate forwards, the effect of the re-
flected wave gradually increases. It can be concluded that, when
a ¼ 0�, 45�, 90�, 120�, 150�, and 180�, the crack propagation on the
incident side of the tunnel exhibits a tensile failure mode. For the
case of a ¼ 30�, the incident side of the tunnel presents shear
failure. When a ¼ 60�, the same zone exhibits mixed tensileeshear
failure. Similar phenomena were also observed for a ¼ 135�.
Nevertheless, all new cracks that initiated from the shadow side of
the tunnels were characterised as tensile failure.
4.4. Stress analysis

To clarify the danger level at different positions of the tunnel for
cases of various a values, such as the roof, spandrel, sidewall,
corner, and floor, stresses at monitoring points AeG, as shown in
Fig. 16. Three failure modes based on displacement trend line method (Zhang and Wo
Fig. 14, were derived. By establishing a polar coordinate system at
the centre of the tunnel, the tangential stress sqq at any position
around the tunnel can be obtained by

sqq ¼ sxcos2qþ sysin
2q� 2sxy sin q cos q (14)

where sqq is the tangential stress; sx, sy, and sxy are the x-stress, y-
stress and shear stress, respectively; and q is the polar angle.

In LS-DYNA, a negative stress value represents a compressive
stress, whereas a positive value represents a tensile stress. The
extreme values of the tangential tensile stress at different posi-
tions for identical a values are shown in Fig. 17. The figure il-
lustrates that the extreme values of the tangential tensile stress
around the tunnel appear at different locations for a certain a,
which means that, when the blasting load comes from a certain
direction, danger levels at different locations of the tunnel differ.
When the blasting stress wave passes through the pre-crack and
ng, 2013): (a) Tensile failure, (b) Mixed tensileeshear failure, and (c) Shear failure.



Fig. 17. Extreme tangential tensile stresses at different positions for identical a values: (a) a ¼ 0� , (b) a ¼ 30� , (c) a ¼ 45� , (d) a ¼ 60� , (e) a ¼ 90� , (f) a ¼ 120� , (g) a ¼ 135� , (h)
a ¼ 150� , and (i) a ¼ 180� .
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is incident perpendicular to the floor of the tunnel (a ¼ 0�),
position A at the shadow side of the tunnel is most likely to be
damaged. For a ¼ 30�, failure is prone to occurring at position E2
on the incident side of the tunnel. When a ¼ 45�, position B1 is
most likely to be damaged. In addition, high tangential tensile
stresses appear at A, C1, D1, and E2; therefore, these positions are
also prone to fracturing and require more attention. For a ¼ 60�,
the dangerous places are E2, B1, C1, D1, and E1. When a ¼ 90�, the
failure is most likely to occur at C2, and B1, C1, D1, and E1 are likely
to be damaged. As a increases to 120�, cracks can easily appear at
C2 and E1. When a ¼ 135�, E1 on the shadow side of the tunnel is
most likely to be damaged. There is also a high tangential tensile
stress at B2 on the incident side of the tunnel, which is also likely
to be damaged. For the case of a ¼ 150�, the final failure mode is
similar to that at a ¼ 135�, i.e. positions E1 and B2 are most likely
to be damaged. When a ¼ 180�, failure easily occurs at position A
on the incident side of the tunnel.

Fig. 18 illustrates that danger levels at the same location of the
tunnel are different when blasting loads come from various di-
rections. For the tunnel roof A, there is a great tangential tensile
stress when a ¼ 0� and 180�, and damage is most likely to occur. At
position B1, damage is likely to occur when a ¼ 45�, 60�, and 90�.
For position C1, the extreme value of the tangential tensile stress
gradually increases as a increases from 0� to 90�, and after reaching
its maximum value when a ¼ 90�, it then gradually declines with
increasing a. PositionD1 is most likely to be damagedwhen a¼ 60�.
Position E1 is most damage-prone when a ranges from 60� to 150�,
since there is a high tangential tensile stress. At position F1, when
a ¼ 135�, damage is most likely to occur. Position G is damage-
prone for cases of a ¼ 0�, 30�, 135�, 150�, and 180�. Failure easily
occurs at position F2 when a ¼ 30�. Position E2 is more damage-
prone when a ¼ 30�, 45�, and 60�. Positions D2 and C2 are most
likely to be fractured when a ¼ 90�. Failures may easily appear at
position B2 when a ¼ 120� and 135�.

Based on the above analyses, the position that is most likely to
be damaged when the blasting load comes from a certain direction
can be determined. The tunnel can then be supported in a cost-
effective manner.

5. Conclusions

Tunnels in fractured rock masses are usually affected by dy-
namic disturbances from various directions, which will have a
significant influence on the stability of tunnels. To understand the
failuremodes of tunnels under blasting loads when there are cracks
near the tunnel, ECT models were built in this study. A series of
blasting tests was conducted by applying the ECT models and the
CPG monitoring system. The final failure modes of the ECT models



Fig. 17. (continued).
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are discussed based on stress wave theory. By adopting the RHT
material model, a numerical simulation was performed using LS-
DYNA to verify the experimental results and to clarify the stress
distribution around the tunnel. The displacement trend line
method was used to identify failure patterns. From this study, the
following conclusions can be drawn:
(1) Under blasting loads, the pre-crack first initiates and prop-
agates, and a new crack initiates from the incident side of the
tunnel. The two cracks propagate towards each other and
finally coalesce. At the early stage, the pre-crack propagates
as a mode-I crack, and the blasting load direction generally
has no effect on the initiation time of the pre-crack.



Fig. 18. Extreme tangential tensile stresses for various a values at an identical position (monitoring point): (a) A, (b) B1, (c) C1, (d) D1, (e) E1, (f) F1, (g) G, (h) F2, (i) E2, (j) D2, (k) C2, and
(l) B2.
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(2) The incident direction of the blasting load significantly in-
fluences the tunnel stability. For the incident sideof the tunnel,
when a ¼ 30�, 45�, and 60�, pre-crack propagation is always
deflected towards the nearest corners of the tunnels, and
propagates to the middle of the tunnels for other angles. New
cracksinitiateontheshadowsidesofthetunnels.Whena<90�,
the new crack always initiates at the middle of the tunnels,
whereas for a� 90�, it appears at the corner of the tunnels.



Fig. 18. (continued).
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(3) The RHT material model used in this study can well charac-
terise the failure process of green sandstone subjected to
blasting loads, and the numerical results are consistent with
the experimental results.
(4) On the incident side of the tunnel, crack propagation is
characterised as tensile failure for cases a¼ 0�, 45�, 90�, 120�,
150�, and 180�. When a¼ 30�, the failure pattern of the crack
is shear failure, whereas for a ¼ 60� and 135�, it exhibits
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mixed tensileeshear failure. On the shadow side of the
tunnel, new cracks can be characterised as tensile failures for
various values of a.

(5) As the blasting stress wave comes from various directions,
the danger levels at various positions of the tunnel are
diverse, depending on the tangential tensile stress around
the tunnel. The greater the tangential tensile stress is, the
more likely the damage to occur.
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