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In the large-scale underground explosion, the dynamic mechanical behavior of deep rock mass under the coupled loading of the
high in situ stress and the explosive stress wave is difficult to study. And the coupled loading of the in situ stress and the stress
waves of large-scale underground explosions are hard to simulate. Based on this problem, an experimental device was
developed, and a nonexplosive method for simulating stress waves of large-scale underground explosions was presented by us.
In the experimental device, the impact energy is provided by the high-pressure gas in the air chamber, the stress wave is
generated by the impact of the piston, and the waveform of the stress wave is adjusted by the composite pulse shaper. The
adjusted stress wave can be transmitted to the container, where the coupled loading of the stress wave and the confining stress
can be realized. The stress wave that corresponded to the real explosion is obtained by the developed device, and the function
of the composite pulse shaper for adjusting the waveform is verified in the experiments by using a variety of mediums for
wave adjustment. The experimental and calculation results showed that the stress wave corresponding to underground
explosion at kilotons of equivalent on rock mass at great depth can be simulated by the experimental device, and the simulated
explosion equivalent and buried depth can be adjusted by controlling the experimental conditions.

1. Introduction

When underground explosion occurs, the explosive shock
wave will impact the nearby rock heavily [1], and the cavity
zone, the crushing zone, the radial crack zone, and the elastic
zone are formed [2], as shown in Figure 1. For the rock mass
at a great depth, the rock has been being loaded by the in situ
stress for a long time [3, 4]; therefore, the rock is loaded by
the explosive stress wave and the in situ stress when the
explosion occurs.

The high in situ stress can have an obvious influence to
explosion so that the range of the cavity zone, the crushing
zone, and the radial crack zone [5–7] can be changed. As
for the elastic zone, before the stress wave reaches, a large
amount of strain energy has been accumulated because of
the high in situ stress, and the energy accumulation is more

severe in surrounding rock of the tunnel settled in the elastic
zone [8, 9]. When the explosion at the scale of kilotons TNT
equivalent occurs, the stress wave reaches the elastic zone is
with a lower stress peak but long positive pressure time.
Therefore, the stress wave is with considerable energy and
can break the weak interface of the rock mass, release the
strain energy in the rock mass, induce the large irreversible
deformation, rockburst of surrounding rock, and even cause
engineering earthquake [10–13]. Thus, for the prevention
and control of hazards induced by large-scale underground
explosions, it is of great significance to study the dynamic
mechanical behavior of rock mass under the coupled loading
of high in situ stress and the explosive stress wave. The
crushing zone cannot be selected as the study object because
the rock is crushed completely and the crushing zone is rel-
ative small. So the rock cracks because of the coupled
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loading of the stress wave, and the in situ stress should be
studied in the radial crack zone and the elastic zone. How-
ever, it is very difficult to carry out the explosion test of kilo-
tons TNT equivalent to study this problem because of the
large damage scale, expensive cost, and the high possibility
of disaster under high in situ stress. Besides, there are too
many simplifications and assumptions in the numerical sim-
ulation research, so the numerical calculation results do not
completely correspond to the field engineering [5, 12].
Therefore, it is necessary to develop an experimental device
which can simulate the stress wave of large-scale under-
ground explosion, in which device the coupled loading of
the stress wave and the confining stress should be achieved.

Around experimental study of the rock failure because of
the coupled loading of the stress wave and the in situ stress,
many scholars have carried out studies. Kocharyan et al. [13,
14], by using a one-dimensional block model, simulated the
failure phenomenon of structural blocks under the com-
bined action of static loads and impact loads. Wang et al.
[15] presented a method for simulating stress waves at scaled
distance of 100m/kt1/3 by a set of experiment system with
tiny TNT explosive balls and carried out experiments in
the plexiglass and granite. He et al. [16] carried out the sim-
ulation experiment of rockburst by rock specimens with the
prefabricated tunnel, and the impact loads in the form of
square waves were added on the specimen on the basis of
static loading. Li et al. [17] studied the dynamic mechanical
response of red sandstone with different joint angles by
using SHPB. Liu et al. [18] designed a circular hole to simu-
late the tunnel and simulate blasting stress wave by small-
scale chemical explosions.

The above experimental studies have simulated the rock
failure under coupled loading of the stress wave and the
static stress and have important guidance and reference
value for simulating the stress wave of large-scale under-
ground explosions. However, the impact effect to rock spec-
imens in above studies differs heavily from the stress waves
of large-scale underground explosions. On one hand, the
waveform characteristics of impact load such as peak value
and positive pressure time are still quite different from that
of the stress waves in large-scale underground explosion.
On another hand, the stress wave in the above experimental
study cannot couple well with the confining stress, and the
static and dynamic loads on the loading boundary of the
model are still not settled properly.

In addition, in the experimental study of underwater
blast-resistant structures, many devices have been developed
to impose blast-like pressures and impulses using nonexplo-
sive techniques [19–21]. By using nonexplosive techniques,
the strong dynamic load is generated to simulate the shock
wave at the near zone of air explosion and underwater explo-
sion [20–23]. The stress peak in the above experimental
devices ranges from tens to hundreds MPa, the positive pres-
sure time of the stress wave ranges from tens to hundreds of
microseconds, and the rising pressure time is several micro-
seconds. Therefore, the characteristics of the stress wave
produced by the existing experimental devices are quite dif-
ferent from that of the explosive stress wave of kilotons of
TNT equivalent. Also, the coupled loading of the stress wave

and the confining stress is also not considered in these
devices. Therefore, we developed a set of experimental
device that can simulate the stress waves of large-scale
underground explosions. The stress wave is generated by
the impact of the steel projectile, the confining stress and
the stress wave are loaded and propagated in the container,
and waveform is adjusted by the impact energy and the com-
posite pulse shaper. The results show that the stress waves
generated in the experimental device are similar to the stress
waves of large-scale underground explosions.

2. Stress Wave Analysis of
Underground Explosions

A large number of measured data at large scale underground
explosions of hard rock shows that, when it is outside the
crushing zone, the stress wave generated by underground
explosion at the scale of kilotons TNT equivalent is a half
sine wave [24, 25]. The wave front can be regarded as the
surface of peak particle velocity, so the expression of stress
value σr of stress wave is [26]:

σr = ρCpvt , ð1Þ

where ρ is the density of the rock; Cp is the longitudinal
wave of rock; vt is the particle velocity in the real explosion
when the explosion distance is r, m/s, r is the real explosion
distance to center, m, and the equation (Eq.) of particle
velocity vt is [25, 27]

vt = A �rð Þ−n sin πt
τ

� �
 0 ≤ t ≤ τ, ð2Þ

where �r = r/Q1/3 is the scaled distance, m/kt1/3; Q is
explosive equivalent, kiloton (kt); A and n are coefficients
determined experimentally, and τ is the positive pressure
time of the stress wave, ms; t is the time of the stress wave,
ms.

When Eq. (2) is taken into Eq. (1), the variation relation-
ship between the value of stress σa with time t is written as
follows [25, 27]:

σa = AρCp
r

Q1/3

� �−n

sin πt
τ

� �
: ð3Þ

1 2 3 4

Figure 1: Zone division of rock damage. 1-cavity zone; 2-crusing
zone; 3-radical crack zone; 4 elastic zone.
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As shown in Figure 2, the main parameters of half sine
waves are positive pressure time and the peak value of stress
waves. When t = τ/2, the particle velocity at wave front is the
largest, and the stress peak is written as follows:

σr = AρCp �rð Þ−n: ð4Þ

The expression of the positive pressure time outside of
the crushing zone can be written as

τ = BQ1/3 �rð Þm, ð5Þ

where B and m are the parameters determined by the tests. �r
in Eq. (4) and Eq. (5) is the scaled distance outside the
crushing zone, and the equation of the crushing zone can
be written as

�rcrush =
E
3σ∗

� �1/3
�rcav

�rcav =
rcav
Q1/3

rcav =
βQ1/3

ρC2
pσ

2
∗

� �1/9

9>>>>>>>>>>=
>>>>>>>>>>;
: ð6Þ

β is coefficient; σ∗ is ultimate compression stress limit of
rock mass, Pa; E is elastic modulus of the rock mass, Pa, and
there is a relationship between E and the longitudinal wave
velocity Cp under the condition of limited compression: ρ

C2
p = Eð1 − υÞ/ð1 + υÞð1 − 2υÞ.
The stress peak and the positive pressure time of stress

wave at any explosion equivalent outside the crushing zone
can be calculated by the above equations.

3. Similarity between the Model Tests and the
Field Engineering

A good corresponding relationship between the action of the
stress waves was generated by the experimental device to the
model and the action of the explosive stress waves of the real
underground explosion to the rock at great depth.

Therefore, the similarity relationship between simulated
stress waves and the stress waves of real underground explo-
sions should be established. And so do the similarity rela-
tionship between the confining stress of the model and
high in situ stress at great depth. The main similarity param-
eters of the model contain similarity ratio of geometry ξH ,
similarity ratio of wave velocity ξC , similarity ratio of bulk
density ξγ, similarity ratio of stress ξσ, similarity ratio of
material density ξρ, the similarity ratio of elastic modulus
ξE, and similarity ratio of time ξT . The similarity relation-
ships are as follows [28, 29]:

ξσ = ξE = ξHξγ, ξH =
Df

Dm
, ξγ =

ψf

ψm
, ξρ = ξγ, ð7Þ

where D is the geometric dimension; ψ is the bulk density;
the subscript “f ” represents the prototype and the subscript
“m” represents the model.

In the similar relationship of time in the wave propaga-
tion, when the elastic wave passes through the model mate-
rial, the elastic wave velocity C in the model material
determines the time in the wave propagation. In the study
of the wave propagation in rock mass, the relationship
between distance L and time t is written as follows [29]:

Lf = Cf t f , ð8Þ

Lm = Cmtm: ð9Þ
And then there is

ξT = ξH
ξC

: ð10Þ

In general, the elastic wave velocity C in solids can be
expressed as follows:

C =
ffiffiffiffiffi
E0
ρ0

s
, ð11Þ

where E0 is elastic modulus of the geological material, and ρ0
is density of the geological material.

And then there is

ξC =
ffiffiffiffiffi
ξE
ξρ

s
=

ffiffiffiffiffi
ξσ
ξρ

s
=

ffiffiffiffiffiffiffiffiffiffi
ξρξH
ξρ

s
=

ffiffiffiffiffiffi
ξH

p
: ð12Þ

Based on Eqs. (11) and (12), it can be concluded that

ξT =
ffiffiffiffiffiffi
ξH

p
: ð13Þ

While following the above similarity relationship, the
feasibility and convenience of experiment should be

𝜎r = A𝜌Cp (r/Q1/3)–n

𝜏 = BQ1/3 (r/Q1/3)m

𝜎a = A𝜌Cp (r/Q1/3)–n sin

Sine wave
Triangular wave

Duration of stress wave

St
re

ss

𝜏
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Figure 2: Waveform of the stress curve outside the crushing zone.
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considered when simulating explosive stress waves of large-
scale underground explosions, and the similarity ratio
should be determined reasonably between the real geome-
chanical parameters of underground explosion and the geo-
mechanical model material parameters. Many large-scale
underground explosions have been carried out at Novaya
Zemlya test site, and the rock physical and mechanical
parameters that can be used to describe its geological prop-
erties are shown in Table 1. The cylindrical plexiglass, with
a density of 1780 kg/m3, a wave velocity of 1600m/s, a diam-
eter of 300mm, and a thickness of 200mm, is used as the
experimental model.

In order to obtain as much experimental data as possible
in the experimental device, no model is placed in the exper-
iment, so that many sensors can be arranged. However, the
parameters of the PMMA model are still used to calculate
the similarity ratio, which can provide a basis for the loading
capacity of the device to simulate large-scale underground
explosion. According to the above parameters, the similarity
ratio of bulk density ξγ is 1.5, the similarity ratio of elastic
modulus ξE is 81, the similarity ratio of stress ξσ is 81, the
similarity ratio of geometry ξH is 54, the similarity ratio of
wave velocity ξC is 7.35, and the time similarity ratio ξT is
7.35.

Based on the geomechanical parameters of the Novaya
Zemlya test site and Eqs. (4) and (5), the positive pressure
time and stress peak of 1 kt equivalent at the boundary of
crushing zone can be calculated. According to the above cal-
culation, in the model experiment, the corresponding posi-
tive pressure time of simulated stress wave is about
1.66ms, and the stress peak of the simulated stress wave is
about 5.39MPa. Therefore, it can be seen that, in the exper-
iment of simulating underground explosion, the stress peak
is at the scale of MPa, and the positive pressure time is at
the scale of millisecond.

4. Experimental Device

4.1. Component Introduction. According to the characteris-
tics of stress waves of large-scale underground explosions,
our research group independently developed an experimen-
tal device to simulate the stress waves. As shown in Figure 3,
the experimental device is mainly composed of a high-
pressure gas cavity, a solenoid valve, a launch tube, a steel
projectile, a composite pulse shaper, and a container. The
air chamber, acceleration pipe, and container are made of
high-strength steel. The gas chamber that is with a thick wall
of 25mm can hold volume of 3 L and bear the pressure of
10MPa. The launch tube is 730mm long and can be divided
into two parts in terms of the diameter. The part with a
diameter of 120mm is 600mm long and is used for acceler-
ating the steel projectile. The part with a diameter of 140mm
is 120mm long and is used for placing composite pulse
shaper. With the comprehensive control of the gas pressure,
working time of the solenoid valve, and the different acceler-
ation lengths realized in the launch tube, the impact energy
for generating stress wave can be adjusted. The composite
pulse shaper is composed of the polytetrafluoroethylene
(PTEF) plate, the pressure plate, and the medium for wave

adjustment. The length of the medium for wave adjustment
is 88mm, and it has a long compression travel during the
impact process of the steel projectile. The composite pulse
shaper can provide different loading rates when the
mediums for wave adjustment are soft, medium hard, and
hard, respectively. The diameter of the wavefront is
148mm when the stress wave reaches the container, and it
will get expanded at the help of the conical cover in the con-
tainer. Finally, the stress wave and the confining stress are
coupled in the closed container.

4.2. Coupled Method of the Stress Wave and the Confining
Stress. Deshpande et al. [20, 21] designed a simulation device
of one-dimensional plane wave based on the principle of the
fluid-structure interaction (FSI). The schematic of this
device is shown in Figure 4. In a steel cylinder with a diam-
eter of 45mm, the liquid is regarded as a bilinear elastic
material with only compression capacity but no tensile
capacity. In the device, the stress wave was generated by
the impact of the steel projectile to the Al piston, and then,
the stress wave propagates to the specimen at the other
end. Although the loading of the plane wave can be achieved
by this device, the action area of the plane wave is limited by
the area of the piston, so the size of the specimen is very lim-
ited. For solving this problem, Espinosa et al. [22] designed a
diffusive-shaped pressure tube, and the schematic is shown
in Figure 5. In this device, the size of the specimen is larger
than the size of the piston. By adjusting the length and angle
of the pressure tube, the planeness of the stress wave is
adjusted, and in the meanwhile, the interference of the stress
reflection on the loading process of the specimen is avoided.

In the above research, the steel projectile directly impacts
the piston, and the stress waves are formed, which are trans-
ferred to the specimen through the water in the pressure
tube. According to this method, based on the mechanical
characteristics that the ideal fluid can only transfer pressure,
the water is used to transfer the confining stress and the
stress wave. Significantly, the pressure plate is designed to
work for the sealing of container with other components
so that the loading of the confining stress and the propaga-
tion of stress wave in container are achieved. On the outer
edge of the pressure plate, a boss structure is designed, which
is larger than the diameter of the flange. In the loading stage
of the confining stress, the container is firstly filled with
water, and then, the water is pumped into the container
through the electric pressure pump. In this process, the pres-
sure plate compresses the flange plate and creates a sealed
space with the tail cover, container pipe, flange plate, and
inlet valve. Therefore, a stable confining stress environment
is created to simulate the high in situ stress environment of

Table 1: The calculation parameters of granite.

ρ
/(kg/
m3)

Cp

/(m/
s)

σ∗
/(Pa)

υ β B/(m) m n A

2670 4800 2 × 108 0.25 9:8 × 103 1:2 × 10−5 1.89 1.6 0.19
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the deep rock mass, and the highest confining stress in the
container can reach 20MPa.

After the formation of confining stress in the container,
the inlet valve for water of the container will be closed to
keep the balance of the confining stress. As shown in
Figure 6, when the steel projectile impacts the PTEF plate
and compresses the buffer material, the pressure plate can
freely transmit the stress wave generated by the impact
energy to the container, so that the water can transmit the
stress wave under the confining stress environment. Mean-

while, the boundary problem of static loading and dynamic
loading is well dealt with in this device.

4.3. Formation and Adjustment Mechanism of the Stress
Wave. As shown in Figure 7, the composite pulse shaper is
designed to replace the fixed piston. Instead of the fixed pis-
ton [19–23], the buffer material with different bulk modulus
can be used to realize the compression and rebound process
to adjust the positive pressure time.

The formation process of stress wave can be divided into
the following three stages. As shown in Figure 7, in the analysis
of the formation of the simulated stress wave, the steel projec-
tile and pressure plate are taken as references. In the first stage,
gas runs out of the high-pressure gas cavity when the solenoid
valve is opened, and the steel projectile accelerates in the
launch tube. The steel projectile impacts the PTEF plate and
compresses the buffer material. At this time, the stress value
of the buffer material increases, but it is less than the confining
stress in the container, and only the PTEF plate moves. In the
second stage, the PTEF plate continues to compress the buffer
material, the static state of the pressure plate is broken, the
stress value of the buffer material is higher than the confining
stress in the container, and the pressure plate begins to move
towards the interior of the container. At this time, the PTEF

1
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1 32
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Figure 3: Schematic of the experimental device and its main components. 1-High-pressure gas chamber; 2-solenoid valve; 3-launch tube; 4-
steel projectile; 5-PTEF plate; 6-the medium for wave adjustment; 7-pressure plate; 8-composite pulse shaper; 9-flange plate; 10-container
tube; 11-bottom cap; 12-container; 13-observation hole of velocity of the steel projectile.
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53

Figure 4: Schematic of the water tube experimental set-up. 1-Steel projectile; 2-Al piston; 3-water; 4-steel tube; 5-test specimen.

Diffuser-type pressure tube

Water
Test specimen

1
2

Figure 5: Schematic of water chamber with divergent diffuser. 1-
Steel projectile; 2-Al piston; 3-water; 4-steel tube; 5-test specimen.
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plate and the pressure platemove together until the pressure plate
is at a state of the largest displacement. At this time, the stress
wave reaches the peak value, and this state is corresponding to
the largest water compression in the container. At the third stage,
the pressure plate began to rebound and finally the pressure plate
is in a balanced state. And the completed processes of compres-
sion and rebounding are corresponding to the rise and drop pro-
cess of the stress wave at the position of the pressure plate.

The mass of the steel projectile is M1 (unit: kg); the dis-
placement of the steel projectile is u1ðtÞ (unit: m) and is a
function of time t (unit: s). The mass of the pressure plate
is M2 (unit: kg); the displacement of the pressure plate is
u2 ðtÞ (unit: m) and is a function of time t. The bulk modulus
of the buffer medium is K (unit: MPa), the section area of
the pressure plate is S (unit: m2), the confining stress of the
container is P0 (unit: MPa), and the stress value of the con-
tainer P ðtÞ (unit: MPa) at any time is a function of time t.
Assuming the moment of equilibrium between the stress of
the buffer material and the container is t0, the equations of

motion at the first stage are as follows [30]:

M€u1 tð Þ = −
KSu1 tð Þ

L1
, 0 ≤ t ≤ t0,

m€u2 tð Þ = 0, 0 ≤ t ≤ t0:

8><
>: ð14Þ

When the steel projectile impacts the PTEF plate, the ini-
tial displacement u0 of PTEF plate and the initial velocity v0
can be gotten, so that the velocity and displacement at t0 can
be obtained. The equations of motion of the experimental
device in the second or third stage are established as follows:

M1€u1 tð Þ = −
KS u1 tð Þ − u2 tð Þ½ �

L1
, t0 < t,

M2€u2 tð Þ = KS u1 tð Þ − u2 tð Þ½ �
L1

− P tð Þ ⋅ S, t0 < t,

8>>><
>>>:

ð15Þ
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Figure 6: Schematic of confining stress and stress wave in the container.

PTEF plate

The medium for wave adjustment, K (MPa) 

Pressure plate, M2 (kg)

Conical cover

P0 (MPa)
M1 (kg), 𝜈 (m/s)

Figure 7: Formation mechanism of the stress wave in the developed experimental device.

Solenoid valve with the electromagnetic relay

Figure 8: Experimental components of impact energy control.
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Then, we can get

M1 0
0 M2

" #
€u1 tð Þ
€u2 tð Þ

" #
−
KS
L1

−1 1
1 −1

" #
u1 tð Þ
u2 tð Þ

" #
+

0
P tð Þ ⋅ S

" #
= 0:

ð16Þ

The variation law of water volume with stress can be

expressed as

P tð Þ = P0 +
1
βw

1 − V tð Þ
V0

� �
, ð17Þ

where V0 is the volume of compressed water under the ini-
tial confining stress, βw is the compression coefficient of
water, βw = 5 × 10−4 MPa−1.

0.00 0.01 0.01 0.02 0.02 0.03 0.03 0.04

Time (s)

Laser light 1
Laser light 2

Mutation signals

Figure 9: Laser signal of velocity observation.

t (ms)

Figure 10: The steel projectile velocity under different control conditions.
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And the water volume is calculated as follows:

V tð Þ =V0 − u2 tð ÞS: ð18Þ

The main function of water is to transfer stress to the
specimen and the container, which means its contribution
to the compression is very small. So, the compression is only
near the pressure plate, and the stress P around the pressure
plate is

P = u2 tð ÞS
V0

1
β
+ P0: ð19Þ

After the completion of the third stage, the stress wave
propagates into the container. In the process of propagation,
it passes through the conical cover. The cross-sectional area

of the conical cover designed in the container continuously
expanded to be the same as that of the container pipe.
Therefore, when the stress wave passes through the conical
cover, the stress wave propagates radially along the central
axis of the container, and the wave front expands continu-
ously in the form of a plane wave. According to the law of
conservation of mass in fluid mechanics, it is known that

þ
ρf vf 1 ⋅ dAr1 =

þ
ρf vf 2 ⋅ dAr2, ð20Þ

(a) PVDF gauges with waterproof glue (b) PVDF gauges fixed on the column supports

Figure 11: PVDF piezoelectric gauges.
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Figure 12: Positions of PVDF piezoelectric gauges.

Figure 13: Completely built experimental system.
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where ρf is the density of fluid, kg/m
3; vf 1 and vf 2 are veloc-

ities of fluid at different area, and Ar1 Ar2 are fluid areas.
In the process of the expansion of the wave front, the

velocity of the fluid on the corresponding wave front
decreases. According to Eq. (1), we can know that stress peak
decreases, and the positive pressure time becomes longer.

4.4. Control Methods of Impact Energy. Assuming that the
friction of the steel projectile remains constant, the velocity
of the steel projectile is determined by the initial driving
force on the steel projectile and the acceleration process pro-
vided by the launch tube. The driving force on the steel pro-
jectile when it is accelerating in the launch tube is
determined by the pressure of the gas cavity and the gassing

time of the solenoid valve. The pressure of the high-pressure
gas cavity is monitored by the connected pressure gauge, the
working time of the solenoid valve is controlled by the elec-
tromagnetic relay shown in Figure 8, and the velocity of the
steel projectile is observed by the observation window at the
end of the launch tube. The method of observing the velocity
is to set up two sets of laser lamps in the observation win-
dow, and when the laser is covered by the steel projectile,
the signal surges. As shown in Figure 9, the length of the
observation window is 8 cm, and time interval between two
mutation signals is 8.9ms; thus, it is calculated that the
velocity of the steel projectile is 9.4m/s. Figure 10 shows
the steel projectile speed under different control conditions.
It can be seen that the higher the initial pressure is, the
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higher the velocity of the steel projectile is when the solenoid
valve has the same working time. When the working time of
solenoid valve increases linearly, the change trends of veloc-
ity at different gas pressure are not consistent. When the
pressure is 1MPa, the longer the solenoid valve working
time, the higher the velocity of the steel projectile. However,
when the pressure values are 2MPa and 4MPa, the piston
speed does not increase significantly when the working time
of solenoid valve increases from 0.05ms to 0.15ms.

5. Experiments of the Stress Waves by the
Developed Device

5.1. Establishment of the Whole Experimental System. The
experimental device is instrumented with 8 polyvinylidene

fluoride (PVDF) piezoelectric gauges [31, 32] (gauges no.
3-no. 10) to measure the stress curve. The PVDF piezoelec-
tric gauge shown in Figure 11 is selected to measure the
dynamic process of the stress wave in the container. PVDF
piezoelectric gauges can be used to measure stress in an envi-
ronment that is full of water. The piezoelectric effect is sta-
ble, the noise is small, the frequency response is fast, and
the accuracy is high. It can directly measure the propagation
process of stress waves in water.

The selected PVDF piezoelectric gauges were welded
with the enameled wire, and then, the soldered dots of PVDF
piezoelectric gauges were sealed with waterproof glue. The
treated PVDF piezoelectric gauges were fixed on the column
supports, and the column supports were fixed on the bottom
cap. The relative positions of these column supports are
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Figure 17: Stress curves of group II.
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Figure 18: Stress curves of group III.
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shown in Figure 12. The gauge no. 9 was set at the center,
and other gauges were distributed at the concentric circles
with a radius of 6.5 cm and 13.5 cm, respectively. Gauges
with the same height can be used to verify whether the stress
waves generated in the water propagate in the form of the
plane wave. After the gauges were fixed, these enameled
wires were fixed in the interior of the container and then
extends out of the container tube. The stretched enameled

wires were connected with the data acquisition instrument
through the low resistance wire, the data acquisition instru-
ment was connected with the charge amplifier, and the
charge amplifier was connected with the data processing ter-
minal. So far, the stress test system was built. Besides, a laser
measurement system for measuring the velocity of the steel
projectile was added to the experimental system for observ-
ing the instant velocity of the steel projectile when it impacts
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the PTEF plate. To avoid suffering large displacement of the
device, a damping block was added behind the container.
The whole experimental system is shown in Figure 13.

5.2. Verification of Stress Waveform. Two experiments under
the same working condition were carried out, named as
experiment A and experiment B, respectively. In the loading
of static stress, the confining stress in the container was set
as 5MPa. Because the PVDF gauge is at a high-frequency
response, it cannot acquire the loading process of confining
stress in the container. On this account, the external pres-
sure gauge on the container is used to observe the pressure
of water. The recording results that are recorded every 20 s

are shown in Figure 14, and the overall recording time is
30min. It can be seen that the confining stress keeps at
5MPa steadily, which can prove that the designed container
has good tightness and can simulate the in situ stress at the
depth of much more than 2000m.

The next step of the experiment was to drive the steel
projectile impacting the composite pulse shaper by gas in
the high-pressure gas cavity, and the gas pressure of each
experiment was 3MPa. The solenoid valve switch is not
closed until the gas runs out completely. Considering that
the positive pressure time of the generated stress wave is
between millisecond and second, the output frequency of
the stress wave ranges from 30Hz to10 kHz. The propaga-
tion process of the whole stress wave of each sensor is highly
similar; thus, only the whole stress curves of gauge no. 4 and
gauge no. 9 in one experiment are shown in Figure 15.
According to the number of stress peaks acquired by the
gauges, it can be judged that the steel projectile impacted
the PTEF plate many times under the driving effect of gas
in one experiment. Because when the steel projectile
rebounds after impacting the waveform shaping compo-
nents, the residual gas pressure in the gas cavity continues
to drive the steel projectile to work. With the continuation
of the impact, the subsequent impact interval becomes
shorter, the residual kinetic energy of the steel projectile
decreases, and the corresponding peak stress decreases.

In the process of impact, the stress wave is transmitted to
the container through water, and the pressure in the con-
tainer rises. But after the impact is completed, the container
is back to the loading state of confining stress. This is consis-
tent with the loading process of rock when the real under-
ground explosion occurs. First, the deep rock mass is at
loading state of the high in situ stress, and then, the
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Table 2: Experimental conditions.

No.
The buffer
material

Velocities of the steel
projectile (m/s)

The confining
stress (MPa)

1 Machine oil 12.09 2

2 Machine oil 13.9 2

3 Machine oil 14.67 2

4 Rubber 12.11 2

5 Rubber 13.77 2

6 Rubber 14.75 2

7 Nylon plate 12.09 2

8 Clay 11.2 3

9 Clay 12.86 5

10 Clay 13.21 5

11 Clay 14.68 5

12 Dough 13.62 5

13 Dough 17.3 5
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explosive stress wave impacts the rock mass so that the stress
of the rock mass increases during the impact process.
Finally, the rock is back to loading state of the high in situ
stress after the impact.

The negative stress can be seen from the stress curves in
Figure 15. This is also a signal generated from the piezoelec-
tric effect, but this is not the stress signal directly generated
by the impact of the steel projectile. Therefore, the negative
stress in this curve cannot be used as a stress signal for the
propagation process of the stress wave.

5.3. Analysis of Stress Waveform. The stress peak of the first
wave is the highest, and if the specimen is set in the con-
tainer, the first wave will load on the specimen first. Thus,
the dynamic loading effect of the first wave on the specimen
is the most important. Therefore, the stress curve of the first
stress wave of each gauge in each experiment is obtained.
Gauges no. 3, 4, and 5 are defined as group I; gauges no. 6,
7, and 8 as group II; and gauges no. 9 and 10 as group III.
Stress curves of the experiment are fitted in the form of
half-sine curves, and they are shown in Figures 16–18.

It can be seen from the stress curves of the above gauges
that the overall stress waveforms and details obtained by the
same group of gauges in each experiment are highly similar,
which shows that the wave-making function of the experi-
mental device is very stable. According to the stress curves
of different gauges at the same height in one experiment,
the moment when the stress began to rise is almost identical,
and the trends of stress increase, fluctuation, and decrease
are very similar. According to Figures 19–21, it can be seen
that the fitting curves are in good agreement with the stress
curves in experiments. Besides, the positive pressure times of
the stress curves are about 3.5ms, and the stress peaks are
about 7MPa, which is at the same level with the value of
the stress waves in Section 3; therefore, the device developed
by us can simulate the stress waves at the scale of kilotons
explosion equivalent.

5.4. Waveform Adjustment Experiments. The positive pres-
sure time of the stress wave is controlled by using buffer
materials with different stiffness, and the peak value of stress
wave is controlled by the impact velocity of the steel projec-
tile. Therefore, several experiments were carried out to verify
the above calculation results. The experimental conditions
are shown in Table 2, and the positive pressure time and
the peak value of stress wave under different working condi-
tions of gauge no. 10 are shown in Figures 19 and 20.

By analyzing the data when rubber and machine oil are
used as the buffer material, it can be seen that the stress peak
increases with the impact velocity of the steel projectile, but
the positive pressure time of the stress wave remains
unchanged. Under the condition of the same velocity incre-
ment, the change of stress peak when rubber is used as the
buffer material is more obvious than that of the machine
oil. The same trend can also be seen in several groups of data
when clay was used as the buffer material and the confining
stress is 5MPa. Combined with the experimental results of
the above three buffer materials, it can be seen that the
higher the impact velocity of the steel projectile, the higher

the peak value of the stress wave. However, for the same
material, the impact velocity of the steel projectile does not
have an obvious effect on the positive pressure time of the
stress wave.

Under the condition that the influence of the velocity of
the steel projectile on the waveform of stress wave is clear,
the analysis of the experimental results whose confining
stress is 2MPa and 5MPa, respectively, shows that, when
the clay is used as the buffer material, the difference of the
positive pressure time of the stress waves in the two experi-
ments is 0.06ms. Thus, it can be concluded that the confin-
ing stress does not have an obvious influence on the positive
pressure time.

According to the theoretical analysis in Subsection 4.3, it
can be found that the stiffness of the buffer material has a
significant effect on the positive pressure time of the stress
wave. Among the used buffer materials in the above experi-
ments, the clay and the rubber are with the lowest stiffness.
When they are used as buffer materials, the positive pressure
time of the stress wave is between 4.5 and 4.9ms so that they
can be regarded as soft materials. The compression capacity
of nylon and rubber is relatively low, and the stiffness is rel-
atively high. When they are used as buffer materials, the pos-
itive pressure time of the stress wave is between 4.1 and
4.35ms, so that they can be regarded as medium-hard mate-
rials. The compression capacity of machine oil is the worst,
and the stiffness is the highest among the above buffer mate-
rials. When it is used as buffer materials, the positive pres-
sure time of the stress wave is between 3.15 and 3.55ms,
and it can be regarded as the hard material.

5.5. Comparative Analysis between Experiments and the
Large-Scale Underground Explosions. The developed experi-
mental device aims to simulate the stress wave of under-
ground explosion. According to Section 3, the stress wave
obtained in this experiment should have a good correspond-
ing relationship with the stress wave of underground explo-
sion at the Novaya Zemlya test site. It can be seen from
Figures 16–18 that the waveform of stress wave obtained
from the experimental device is approximately half sine
wave, which corresponds to the waveform of underground
large-scale explosion. In terms of calculation of stress peak
and positive pressure time, the explosive stress waves outside
the boundary of the fracture zone are taken as the analysis
object, and the mechanical parameters describing the geo-
logical attributes under the explosion effect at Novaya Zem-
lya test site are taken from Table 1. Then, it is easy to
calculate the positive pressure time and stress peak of the
explosion according to Eqs. (4) and (5). In addition, the rel-
evant similar ratios are also calculated in Chapter 3. Thus,
the stress peak and positive pressure time of 1-27 kt explo-
sion equivalent at the boundary of the crushing zone can
be calculated and converted according to the related similar-
ity ratios. And the calculated results and the stress wave
parameters obtained through the experimental device are
shown in Figure 21. The experiment results are consistent
with the calculated results of large-scale underground explo-
sions in terms of the positive pressure time. The stress peaks
of experiments are generally larger than the calculated
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results when the explosion equivalent is from 7kt to 17.5 kt.
But the stress peaks are relative consistent when the clay and
the dough are set as the pulse shaper medium. Based on the
above analysis, according to the working conditions corre-
sponding to the experimental results and the comparison
between the experimental results and the calculated results,
it can be concluded that the developed devices can be used
to simulate stress waves of large-scale underground
explosions.

6. Conclusions

Based on the developed experimental device, a nonexplosive
method for simulating stress waves of large-scale under-
ground explosions is presented in this paper. The coupled
loading of the confining stress and the stress wave is realized
effectively. The formation mechanism of simulated stress
wave is analyzed, the simulated experiments of stress wave
in water under different conditions were carried out, and
the main conclusions are as follows:

(1) The stress waves produced by the device are an
approximate half sine wave. The positive pressure
time of the stress waves is in the scale of millisecond,
the stress peak is in the scale of MPa, and these
parameters are corresponding to the stress waves
outside the crushing zone of large-scale under-
ground explosions. The waveform can be adjusted
by changing the velocity of the steel projectile and
changing the buffer material. By the above adjusting
methods, stress waves of 25 kt TNT equivalent can
be produced by the device. Thus, the developed
device can be used for studying the dynamic
mechanical behavior of rock mass under the coupled
loading of high in situ stress and the stress wave of
large-scale underground explosions

(2) In the container, by taking advantage of the charac-
teristic that water can only transmit compressive
stress, the boundary problem between the loading
of confining stress and stress wave can be eliminated,
and the coupled loading of stress wave and confining
stress can be realized
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