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*e surrounding rock damage of a tunnel under adjacent explosive load is often manifested as the growth of the original crack. In
order to thoroughly understand the crack growth mechanism, in this study, the growth process of the original crack was in-
vestigated in detail by the dynamic caustics experiment. *e experimental study shows that the growth of original crack is the
result of the combined action of explosion stress wave and explosive gas.*e quasi-static stress generated by the explosive gas was
superimposed on the weakened stress field, resulting in the formation of the peak of the main stress difference in the surrounding
rock, moving towards the adjacent tunnel in the form of an arc wave. With the arc wave moving towards the original crack, the
growth rate of the original crack increases rapidly. During the period of 200 μs to 250 μs, the crack growth rate oscillates at the
peak, and its size is approximately equal to the moving speed of the arc wave. Based on the experimental results and microscopic
damage mechanics, the high stress concentration at the original crack tip under the stress wave first causes damage localization
and the weakest chain is formed by the penetration of the damage localization zones by microcracks by special distribution law.
Subsequently, the original crack starts to initiate and grow along the direction of the weakest chain.

1. Introduction

In recent years, with rapid improvement of mechanization,
the roadheader gradually replaces the drilling and blasting
method and is applied to the excavation of the tunnel.
However, for the construction of rigid mountain tunnels and
coal mine rock tunnels, the roadheader consumes high
energy and has low efficiency and high failure rate. *ere-
fore, the drilling and blasting method is still widely used.
However, in addition to completing the necessary crushing
work, the explosive load also causes unavoidable damage to
the adjacent tunnel. *erefore, studying the dynamic re-
sponse of adjacent tunnels under the explosive load to
ensure the safety of the existing tunnel is important [1].

In view of the dynamic response of the adjacent tunnel
under explosive load, detailed investigation has been carried
out through theoretical analysis, field test, and numerical
analysis. In terms of theoretical analysis, the dynamic re-
sponse problem of the adjacent tunnel under explosive load
is generally simplified to the dynamic stress concentration

around the hole under stress wave. Stress and displacement
expressions about the lining and the surrounding rock of the
adjacent tunnel under elastic wave were derived by the wave
theory [2]. In addition, Li et al. [3] reported the distribution
law of the dynamic stress concentration coefficient around
the surrounding rock of the adjacent tunnel under explosive
load. In the field test and numerical analysis, based on the
stress field or particle vibration velocity of the surrounding
rock, the dynamic response of the surrounding rock of the
adjacent tunnel under explosive load has been studied.
Explosive excavation easily damages the surrounding rock of
the adjacent tunnels, such as rock cracks or roof rock
spalling. Rock damage is related to dynamic mechanical
characteristics and explosive vibration characteristics of
surrounding rock [4]. *e maximum particle vibration
velocity and maximum tensile stress are located at the tunnel
vault and the side wall corner [5]. In addition, the degree of
damage of the surrounding rock of the adjacent tunnel
gradually increases with increasing peak particle velocity
(PPV) [6]. *erefore, controlling the PPV could ensure the
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safety of adjacent tunnels. Moreover, the judging criterion is
proposed based on the PPV and the maximum tensile stress
in order to ensure the safety and stability of the adjacent
tunnels under the explosive load [7]. *e above studies
generally assume that the surrounding rock is intact and
mainly analyzed the surrounding rock stress field and vi-
bration velocity field of the adjacent tunnel under the ex-
plosive load to obtain the main disturbance areas about the
surrounding rock of the adjacent tunnel.

Generally, many cracks and other defects exist in the
surrounding rock of the tunnel. Crack growth under the
explosive load often becomes the main manifestation of the
surrounding rock failure of the tunnel [8]. *e face-blasting
side of the tunnel is believed as the main disturbance zone
under the adjacent explosive load. However, many model
experiments have shown that the back-blasting side also
tends to be the main disturbance zone and appears as the
growth of the original crack in the presence of original cracks
in the back-blasting side [9]. *erefore, the objective of this
study was to investigate the original crack in the back-
blasting side of the surrounding rock, which is often
neglected. *e transient property of crack growth makes the
study difficult, and the dynamic caustic method is one of the
most effective research methods at present. *rough the
matching dynamic caustic experimental system, the whole
growth process of crack can be clearly captured, which lays a
foundation for the study of dynamic crack growth law and
mechanism. For example, the relationship between the
dynamic stress intensity factor, the crack growth velocity,
and the acceleration of a brittle material under explosive load
by dynamic caustic experiment has been investigated [10].
*e dynamic caustic experiments also found that stress
concentration resulting from the compressive stress pulses at
the bottom of the notch did not create a crack propagation
phenomenon. *e tensile stress pulses played an important
role in the incubation, nucleation, and propagation of cracks
from the bottom of notches in thin strips [11, 12].

Currently, the dynamic caustic method had been pri-
marily applied to study the crack growth law and growth
mechanism of the surrounding rock in the adjacent tunnel
under explosive load, indicating that the final growth dis-
placement of the original crack is related to the fluctuation
time of the dynamic stress intensity factor around the peak
[13].

In view of the superiority of the dynamic caustic method,
in this study, the crack growth process of the surrounding
rock in the adjacent tunnel under explosive load was in-
vestigated by this method.

2. Methods and Materials

2.1. Experimental Method and Principle. *e paper adopts
the dynamic caustics method to study. *e principle of the
method is as follows. *e explosive load consists of the
actions of the stress wave and the quasi-static stress of the
explosive gas. When the explosive load acts on the test piece
containing the crack defect, the tensile stress and shear stress
generate on the free surface of the crack, and thus, the stress
concentration is generated on the crack tip. As a result, the

elastoplastic deformation occurs at the tip with the change in
thickness, changing the refractive index of this area ac-
cordingly. When a beam of uniform and stable parallel light
is irradiated into the region, the refraction of the light causes
deviation of the emergent light with the original direction.
When placing a nontransparent sheet at the reference plane
position, the obvious dark area, called focal speckle, is ob-
served. *e above method transforms this problem from
dynamic stress concentration of the crack tip to the geo-
metric shadow optical pattern and simplifies the analysis of
this problem. *is method is called the dynamic caustics
method [14]. Since the crack tip is subjected to the combined
action of shear wave, compression wave, reflected tensile
wave, and unloading wave, the crack appears as a composite
growth. Figure 1 shows the image-forming principle of the
focal speckle.

2.2. Experimental System. *e dynamic caustics experi-
mental system shown in Figure 2 includes a laser emitter for
a stable point source, a beam expander for emitting a point
source, two lenses for a stable light field, a fixed device for
fixing the test piece, and a high-speed camera for the data
acquisition.

Figure 2 shows that the distance between the beam
expander and lens 1 has to be adjusted properly, so that the
point source is expanded by the beam expander to form a
stable light field filled with lens 1. After the stable light
spreads through lens 1, the parallel light appears and shines
on the test specimen. When the test specimen suffers from
the explosive load, the crack tip generates stress concen-
tration. Because of the refraction of light, the emergent light
from the rear surface of the test specimen deflects. When
placing a reference plane between the test specimen and lens
2, an obvious dark area, known as focal speckle, was ob-
served. At this moment, the high-speed camera can capture
the focal speckle through lens 2.

2.3. Test Data. *rough the dynamic method, these data are
acquired.

2.3.1. Crack Growth Rate. *e high-speed camera can re-
cord a series of pictures of the crack growth process at set
intervals. Measuring the distance from the geometric center
of the focal speckle to the reference point successively, the
length of the crack at different times can be determined.
Adopting the Origin software, the curve of the crack growth
velocity and time can be obtained, as expressed by the
following equation:

υ � _l(t). (1)

2.3.2. Dynamic Stress Intensity Factor. *e dynamic stress
intensity factor (K) is positively correlated with the stress
field at the crack tip and reflects the stress concentration
degree at the crack tip. *e dynamic stress intensity factor
can be expressed as [15]
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where z0 is the distance between the reference plain and
specimen, c is the optical stress constant of plexiglass plate, d
is the thickness of plexiglass panel, μ is the proportionality
coefficient of dynamic stress intensity factor, which can be
acquired through the (Dmax − Dmin)/Dmax, and g is the
numerical factor of the stress intensity, which can be de-
termined by μ. *e diameters Dmax and Dmin of the focal
speckle were obtained through the series of pictures of the
experimental system.

2.3.3. Dynamic Energy Release Rate. Dynamic energy release
rate has great driving effects on the crack growth. Freund
[16] finds that there is a correlation between the dynamic
energy release rate (G) and the dynamic stress intensity
factor, and through analysis, the relationship under the
plane stress condition is expressed as

G �
1
E

A1(])K
2
1 + AΠ(])K

2
Π , (3)

where E is the elastic modulus of the material and A1(v) and
AΠ(v) are the velocity function of crack growth.

When v � 0, A1(]) � AΠ(]) � 1.
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, and

D � 4αdαs − (1 + α2s )2, where cd is the expansion wave ve-
locity and cs is the shear wave velocity.

2.4. ExperimentalMaterial Selection and ExperimentalModel
Dimensions. *e physical and mechanical parameters of
rock materials or artificial stones are close to those of the
surrounding rock medium of the tunnel; therefore, these
materials are more suitable as a model material. However,
due to the brittleness of the rock materials, the processing of
the model causes inevitable damage, and the rock material
itself has some crack defects, increasing the dispersion of
experimental results and thus achieving ideal experimental
results is difficult. In addition, the similar model experiment
can only obtain the crack growth path, but the dynamic
evolution process of the crack, the kinematic parameters,
and the dynamic parameters of the crack growth are not
acquired. *erefore, to better simulate the disturbance
process of the explosive load on the adjacent tunnel, a
material with good plasticity and isotropic is used. In ad-
dition, the transmission-type caustic experiment system
requires the experimental materials with higher trans-
mittance. *e polymethyl methacrylate (PMMA) has all
these advantages and has been subjected to relevant in-
vestigation and experiments with a good experimental effect.
Table 1 shows the dynamic optical constants of PMMA [17].

*e experimental model size is 300× 300× 5mm3, as
shown in Figure 3.*e straight-wall semicircular arch hole is
processed through the middle of the plate to simulate the
adjacent tunnel. *e lower part of the hole is a semi-
rectangular shape with a size of 40× 20mm2, and the upper
part is a semicircular arch with a radius of 20mm.*e length
of the original crack on the back-blasting side of the tunnel is
5mm. *e blasthole, with a diameter of 6mm, is processed
on the left side of the hole and is filled with a single layer of
lead azide explosive to simulate the drilling and blasting
method construction of the adjacent tunnel.

3. Experimental Results and Discussion

3.1. Experimental Phenomenon Analysis. Figure 4 includes a
series of focal speckle pictures that record the growth process
of the original crack in the back-blasting side of the adjacent
tunnel under explosive load. After the explosion, the shock
wave quickly attenuates to the compression wave and
propagates to the surroundings. *e pictures from 30 μs to
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Figure 1: Schematic diagram of caustics formation.
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Figure 2: Schematic diagram of the transmission caustics exper-
imental system.

Shock and Vibration 3



50 μs show that the annular stress concentration zone is
formed by the compression wave and gradually propagates
to the back-blasting side. After 60 μs, the annular stress
concentration zone disappears. When t� 70 μs, the focal
speckle appears at both the ends of the original crack in the
back-blasting side of the adjacent tunnel. *is phenomenon
indicates that part of the stress wave energy diffracts to the
back-blasting side and acts on the original crack, generating
stress concentration at both the ends of original crack. *e
effect of stress wave is manifested in two aspects. *e stress
wave across the tip produces a shear stress along the crack
tendency, and the stress wave reflected by the tip produces a
reflection tensile force. However, the original crack does not
grow at this time, indicating that the dynamic stress intensity
factor at the crack tip has not yet reached dynamic fracture
toughness. When t� 90 μs, a large amount of explosive gas
accumulated in the blasthole begins to release, because of the
radial crack of the blasthole. At t� 130 μs, the arc stress
concentration zone is observed around the blasthole. When t
is in the range 110–150 μs, the arc-shaped stress concen-
tration zone gradually approaches the original crack in the
back-blasting side of the tunnel. At this moment, the focal
speckle of the original crack tip gradually increases, in-
dicating that the arc-shaped stress concentration zone has a
great promotion to the crack initiation. When t� 170 μs, the
crack starts to grow, and with the gradual approach of the
arc-shaped stress concentration region, the original crack
rapidly propagates. When t� 310 μs, the arc-shaped stress
concentration region catches up with the growing crack tip.
After that, the diameter of the focal speckle continuously
decreases, indicating that the driving force for the crack
growth continues to diminish or disappear after the arc-
shaped stress concentration region crosses the growing crack
tip. Subsequently, the elastic energy stored in the

surrounding rock is released, and unloading wave starts to
play a leading role in the crack growth. Because of the radial
tensile stress of the unloading wave, the growing crack warps
downward. At last, in the final stage, with the consumption
of the elastic energy, crack arrests.

After the explosion, the shock wave first acts on the
surrounding rock to form the blasting cavity and the sur-
rounding fissure zone. Subsequently, the explosive gas filled
with the blasthole acts on the hole wall in the form of a pulse
load and generates quasi-static stress in the surrounding
rock. *is observation is consistent with the above phe-
nomenon. *e crack growth in the back-blasting side of the
adjacent tunnel is affected by the explosion compression
wave (stress wave), the quasi-static stress of the explosive
gas, and the unloading wave generated by the release of
elastic energy. Although the compression wave cannot in-
duce the crack in the back-blasting side to grow at the macro
level with the propagation and diffraction of compression
wave, it plays an important role in the damage process and
energy accumulation before the crack initiation. *e quasi-
static stress of the explosive gas acts on the whole process of
crack growth and plays a leading role in the early and middle
stages of the crack growth. When the generated arc-shaped
stress concentration region crosses the growing crack, the
pushing effect on the crack growth is weakened or dis-
appeared. *e unloading wave mainly acts on the late stage
of the crack growth, and the vertical stress generated causes
the crack to warp and grow downward.

3.2. Kinematic Analysis of CrackGrowth Process. *e growth
of the original crack in the back-blasting side of the sur-
rounding rock of the adjacent tunnel is related to the arc-
shaped stress concentration zone formed by the quasi-static
stress. When the arc-shaped stress concentration area
catches up and gradually approaches the growing crack, it
increases the focal speckle diameter at the crack tip and the
crack rapidly grows. *e maximum growth rate of the crack
occurs, when the relative distance between the arc-shaped
stress concentration region and the growing crack tip is
equal to 1 cm. At this time, the crack growth rate is ap-
proximately equal to the propagation velocity of the arc-
shaped stress concentration region, as shown in Figure 5,
indicating that when the stress concentration region crosses
the growing crack, the diameter of the focal speckle at the
crack tip gradually decreases, the crack growth rate gradually
decreases, and the crack growth is finally terminated. *us,
the crack growth process can be divided into two stages. In
the first stage, the arc-shaped stress concentration region
catches up with the growing crack tip. In the second stage,
the arc-shaped stress concentration region is away from the
growing crack tip. Since the arc-shaped stress concentration
region propagates in the form of waves, it is simply referred
to as an arc wave, and the schematic diagram is shown in
Figure 6.

Figure 6(a) shows a black spot (focal speckle) sur-
rounded by a bright line at the tip of the growing crack, and
an arc wave exists to the left of the focal speckle. *ese
experiments confirmed that the arc wave has an important

Table 1: Dynamic optical constants of the model material.

Material ρ
(kg/m3)

Cd
(m/s)

Cs
(m/s)

Ed
(GN/m2) υd

|Ct|
(m2/N)

PMMA 1145 2190 1200 3.595 0.32 0.084
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Figure 3: Schematic diagram of the experimental model.
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influence on the crack growth, and the averagemoving speed
of the arc wave is 350m/s, as shown in Figure 7. When the
arc wave gradually approaches the tip of the growing crack,
the crack growth rate increases significantly. When the arc

wave crosses the focal speckle of the crack tip, the crack
growth velocity gradually decreases to zero.

3.3. Energy Analysis of Crack Growth Process. Figure 8 is the
energy release rate versus time curve of the original crack
growth. In the experimental phenomenon analysis, when
t� 170 μs, the crack has started to grow. At this moment, the
dynamic energy release rate is approximately equal to
2890N/m, indicating that energy released by the system
during the crack growth is enough to provide the energy
required for crack growth. From 160 μs to 180 μs, the energy
release rate increases at a faster rate. During this time, the arc
wave gradually approaches the growing crack. During the
period of 190 μs to 240 μs, the energy release rate ranges
around the peak value. Subsequently, the energy release rate
gradually decays to zero. *e above phenomena confirm
again that the arc wave has an important influence on the
crack growth. In addition, the energy release rate versus time
curve is similar to the velocity curve of crack growth.

3.4. Macroscopic and Microscopic Analysis of Crack Growth
Process. *e experimental study indicates that the growth of
the original crack is the result of the combined action of the
stress wave and the explosive gas. *e stress wave acts on the
surrounding rock of the tunnel before the quasi-static stress
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Figure 4: A series of caustics pictures of the explosion loads acting on the original crack of the adjacent tunnels. (a) t� 30μs, (b)t� 40μs, (c) t� 50μs,
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of the explosive gas. In addition, the focal speckle diameter at
the original crack tip fluctuates, indicating a period of
damage evolution before the macroscopic growth of the
original crack.

Under the action of stress wave, the microcracks in the
surrounding rock of the tunnel are induced or activated.
Because the stress wave continuously attenuates during the
propagation process, the farther the distance from the ex-
plosion source, the smaller the distribution density of
microcracks in the surrounding rock. Before the stress wave,
the original microcracks in the rock are disordered. Under
the action of the stress wave, due to the regularity of the
stress field distribution, the activated or induced micro-
cracks have a special distribution law, affecting the growth
direction of the original crack.

Under the action of stress wave, the stress of the original
crack tip is highly concentrated because of geometrical
mutation. More microcracks are activated or induced in a
certain direction of the crack tip, causing nonlinear damage,
accompanied by the connection of microcracks along the
direction, resulting in the formation of a localized damage

zone starting from the original crack tip. Since the growth
rate of the original crack is significantly smaller than the
propagation velocity of the stress wave, according to the
weakest chain theory [18], the growth of the macroscopic
crack is controlled by the weakest part of the material. Under
the action of the stress wave, taking the original crack tip as
the starting point, the damage constantly evolves and mi-
grates antecedent to the macroscopic growth of the original
crack. *e evolution of the damage can be regarded as the
connection process between the damage localized zone and
the microcrack in a certain direction, forming the damage
evolution zone, i.e., the weakest chain. *e special distri-
bution law of microcracks in the surrounding rock will affect
the migration direction of damage evolution. Due to the
action of the same stress field, the migration direction of the
damage evolution is consistent with the tendency of acti-
vation or induction of microcracks in the surrounding rock
mass. Figure 9 shows the growth of the original crack and its
penetration with microcracks. Above analysis also verifies
the phenomenon that when running cracks propagate near
to defects, the crack path deflects toward the defect [19, 20].
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Figure 6: Macroscopic sketch diagram of the crack growth. (a) Macroscopic characteristic of the crack growth process. (b) Macroscopic
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*e direction of damage evolution determines the di-
rection of macroscopic crack growth, and the accumulation
of macrocrack tip energy provides energy for the evolution
of damage. When microdamage accumulates to a certain
degree, macrocrack can be induced. *e high stress con-
centration at the growing crack tip is the key factor leading
the microdamage to the macrocrack. At last, the original
crack starts to grow macroscopically along the damage
evolution zone.

Since the quasi-static stress generated by the explosive
gas lags the stress wave, the quasi-static stress mainly shows
as the superposition with the weaken stress field under the
action of the stress wave and jointly promotes the growth of
the original crack. *e effect of quasi-static stress is also
time-sensitive. During its action, a new stress peak is formed
by superposition with the gradually weakening stress field,
i.e., the arc wave is involved in the original crack growth on
the back-blasting side. As the arc wave is close to the growing
crack, the crack growth rate gradually increases. After the arc
wave crosses the propagating original crack, the power
source disappears, and the crack growth rate gradually
decreases. In addition, away from the blasting source, the
activated microcrack distribution density gradually de-
creases and spacing between microcracks increases.
*erefore, the growth resistance of the original crack also
gradually increases, and the crack growth kinetic energy
decreases, eventually leading to crack arrest. In the late stage
of the crack growth, due to the action of unloading wave, the
final growth direction of the original crack warps downward.

4. Conclusions

*e growth of the original crack in the surrounding rock of
the adjacent tunnel results from the combined action of
explosion stress wave and explosive gas.

*is experimental study indicates that the stress wave
and the explosive gas generated by the explosion load are the
main factors driving the crack growth.*e quasi-static stress
generated by the release of the explosive gas acts on the
surrounding rock in the form of a pulse wave and is
superimposed to the weaken stress wave, forming the main
stress difference peak.

*e main stress difference peak affects the growth of the
original crack in the form of an arc wave. As the arc wave
moves close to the growing crack, the crack growth rate
gradually increases. When the arc wave passes the crack tip,
the crack growth rate significantly weakens. During the
period of 200 μs to 250 μs, the crack growth rate oscillates at
the peak, and its size is approximately equal to the moving

speed of the arc wave. *e energy release rate versus time
curve is similar to the velocity curve of crack growth.

Based on microscopic damage mechanics, a continuous
damage zone is formed near the macrocrack tip. Under the
action of explosive load, the damage will be localized in a
certain direction. When the micro-cracks runs through the
damage localized zone with a certain distribution, the
damage evolution zone is formed. Finally, the macrocrack
continues to propagate along this direction.
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