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*e essence of roadway excavation is a process of unloading at the periphery, and the influence of unloading paths on surrounding
rock damage is directly related to the selection of support design and construction technology.*e real stress state of surrounding
rock is often affected by different excavation conditions in the actual construction process. *erefore, a testing system of ex-
cavation and unloading model was developed to simulate the unloading process of the arch roadway under different excavation
conditions. Small hollow cylindrical specimens used in this experiment were made of cement mortar. *e load at the inner cavity
of specimens was removed under the constant action of external pressure and axial force to simulate the real excavation unloading
process. *e deformation, the failure modes, and the acoustic emission evolution characteristics at the inner of specimens were
obtained under unloading conditions using the strain and acoustic emission monitoring systems. *e experimental results
indicate that deformation laws of surrounding rock were similar under different unloading rates and initial geostresses, but failure
modes and acoustic emission characteristics were quite different. Compared with that of slow unloading, the damage of sur-
rounding rock under rapid unloading mainly accumulated after unloading, and it is easier to induce rockburst after unloading. As
initial geostress increased, the occurring time of the main fracture may be delayed relatively, and the phenomenon that the
distribution range of peak frequency expanded and the amplitude rose gradually can be regarded as the precursor information of
the main fracture occurring. *is study can be used to provide experimental support for the failure and supporting design of
surrounding rock in deep underground engineering.

1. Introduction

With the development of the economy, the construction of
underground chambers is gradually developing into the
deep under the background of huge energy demand. *e
excavation unloading of the roadway will lead to the re-
distribution of the surrounding rock stress and the release of
strain energy. *e effects caused by different excavation
unloading methods of roadway are quite different, which not
only threaten the stability of the surrounding structure but
also endanger the safety of the workers [1–3]. *erefore, it is
of great theoretical significance and engineering value to
investigate the influence of excavation unloading rates on

deformation and damage evolution characteristics of
roadway surrounding rock under different initial
geostresses.

A large number of studies have shown that stress re-
distribution can cause the initiation and extension of cracks
in roadway surrounding rock under excavation unloading,
and the damage degree of surrounding rock is closely related
to the selection of unloading stress paths and unloading rates
[4, 5]. In the absence of field tests, mechanical properties of
rock, such as the strength, deformation, and failure mech-
anism, have been explored under different confining pres-
sures and unloading rates through indoor triaxial tests. Si
and Gong [5] conducted triaxial unloading tests under
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different unloading rates and confining pressures using fine-
grained granite cube samples to study the effects of
unloading velocities and stress paths on the degree of rock
failure. Li et al. [6] studied the strength and failure modes of
the cube rock material through triaxial unloading tests and
found that it was mainly affected by the intermediate
principal stress. Zhou et al. [7] analysed the influence of
unloading rates on the mechanical parameters, failure
characteristics, and the brittleness of the shale through
conventional triaxial unloading tests and proposed a new
evaluation method of brittleness characteristics which could
take the unloading effect into consideration. Du et al. [8]
investigated the failure behaviors of different types of rock by
using a novel testing system coupled to true-triaxial static
loads and local dynamic disturbances and found that similar
evolution law of cracks occurred in rock specimens. *ese
results indicate that it is pretty important to consider the real
stress state of roadway excavation when the influence of
unloading stress paths on the mechanical behaviors of rocks
is investigated.

*e initiation and extension of fractures within rocks are
accompanied by acoustic emission (AE). *e parameters
and frequency spectrum characteristics can reflect the
evolution process of damage. AE technique has been widely
used in underground engineering and a lot of research
results have been obtained [9–12], which focus on studying
the evolution of AE parameters in triaxial tests and assessing
the inner damage of rock structures. However, there are few
studies on AE characteristics related roadway excavation
unloading.

In order to investigate the failure features of the sur-
rounding rock and the rationality of supporting methods
accurately, many similar simulation tests and numerical
experiments were conducted in the past few years [13–18].
Gao et al. [16] studied the oscillation law of rock dis-
placement under excavation unloading through a 3D
geomechanical model test and proposed a new energy
failure criterion. Lin et al. [17] researched the deformation,
stress, and failure of roadway surrounding rock under the
high geostress through a geomechanical model test and
found that local rockburst occurred within the roadway.
Based on the numerical calculation, Zhou and Shou [18]
investigated the zonal disintegration mechanism of iso-
tropic rock masses around a deep circular tunnel under
dynamic unloading and found that the number and size of
fractured and nonfractured zones significantly depend on
unloading rates, in situ stress, and dynamic mechanical
parameters of deep rock masses. However, excavation
unloading modes in these studies are relatively single, and
the numerical results are restricted by various theoretical
assumptions.

Considering the real stress state of surrounding rock
under excavation unloading, a laboratory model testing
system that is using small hollow cylindrical specimens to
simulate the excavation unloading process of roadway was
independently developed by the authors [19]. *e principle
of the mechanical evolution process during the test is similar
to that of field excavation, and it is also consistent with the
mechanical model under excavation unloading in elastic-

plastic theory [20]. In this paper, the influence of the
unloading rate on failure mode and AE characteristics of the
arch roadway under different geostresses were analysed
using the new testing system and method. Furthermore,
based on the AE parameters, the influence mechanism of the
unloading effect on the damage and failure of surrounding
rock were investigated, and the precondition of rockburst
was revealed.

2. Experimental Methodology

2.1. Mechanical Parameters and Specimens Preparation.
As a kind of rock-like material, the cement mortar has been
widely used in rock mechanical experiments [21, 22]. Strain
gauges can be buried in hollow cylindrical specimens made
of this material to monitor the deformation of surrounding
rock. In the test, the cement mortar was composed of
cement (C40), fine sand, and various additives, in which the
mass ratio of cement to sand was 1 : 1.7, and the mass ratio
of water to this material was 1 : 4 in pouring. Mechanical
parameters of this material measured by conventional
triaxial compression tests of standard samples
(φ50 ×100mm) are shown in Table 1, which are similar to
those of sandstone.

*e affecting scope of surrounding rock stress caused by
excavation unloading is 3–5 times of the excavation radius in
rock mechanics theory. *erefore, according to the theo-
retical boundary and practical engineering conditions, each
hollow cylindrical specimen was sized at 270mm height,
200mm outer diameter, and 40mm inner diameter of the
arch cavity (Figure 1). Subsequently, strain gauges located in
the middle height of the specimen were arranged in the
center of the roof (A), the side wall (B), and the floor (C).
Among them, No. 1, 2, and 3 measuring points, respectively,
represented the position number from the inner wall of the
cavity to the outer. *ere were three groups of measuring
points arranged from the inside to outside of the specimen to
monitor radial and tangential strain.*e strain gauges at No.
2 were 30mm away from the inner wall.

As shown in Figure 2(a), the molds were made of hard
PVC buckets with an outer diameter of 250mm. *e strain
gauges were fixed with extremely thin and sparse wire
(diameter 0.2mm) mesh, which can be tightly bonded with
the cement mortar materials. And they have a similar linear
temperature expansion coefficient, which can be deformed
together during the test. Moreover, the test results show that
the strain gauges sticking to the surface of the specimen and
the strain gauges embedded in the specimen have the same
strain variation pattern. So there is little effect on experi-
mental results. In addition, the position of the upper and
lower ends of the specimen near the pressure plate will be
affected by the boundary effect. *e two ends of the spec-
imen were oiled to reduce the boundary effect. And strain
gauges were arranged in the middle of the height of the
specimen so that the test data will not be affected by the end
boundary effect. Based on the design dimension, the poured
specimens were processed by the machine tool after 28 d
curing (Figure 2(b)).
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2.2.ExcavationUnloadingTestingSystem. *e testing system
consists of three subsystems, such as the loading and
unloading subsystem for hollow cylindrical specimens, the
AE monitoring subsystem, and the strain monitoring sub-
system (Figure 3). *e axial force, internal and external oil
pressure applied to the hollow cylindrical specimen, can be
controlled independently by the computer terminal. *e
maximum loading capacities of the axial force, internal and
external oil pressure, are 3000 kN, 100MPa, and 100MPa,
respectively. As shown in Figure 4, the inner and outer
surfaces of the specimen are sealed by rubber membrane at
upper and lower cushion blocks to prevent silicone oil from
penetrating into the specimen.

In the present study, the DS5–8B AE monitoring system
(Figures 3(c) and 3(d)) was utilized to investigate the AE

evolution characteristics of the specimen during the de-
formation and failure process. As shown in Figure 4(b), six
AE sensors (type RS–2A, operating frequency range from
50 kHz to 100 kHz) placed on the outer surface of the
specimen were divided into two groups randomly, which
was 50mm away from the upper and lower bottom surfaces,
respectively.*e trigger threshold of AE was set to 30mV for
each test, and full waveform data was recorded at a rate of
3MHz. Furthermore, the AE output voltage was amplified to
40 dB gain.

2.3. Testing Procedure. *e “excavation unloading” refers to
a process in which the load on the inside of the roadway
decreases from in situ rock stress level to zero when the

Table 1: Mechanical parameters of cement mortar specimens and the parameter range of sandstone.

Material types Cohesion (MPa) Friction angle (°) Poisson ratio Elastic modulus (GPa) Compression strength (MPa)
Cement mortar 10.02 28.7 0.17 12.8 26.4
Sandstone 8–40 20–50 0.02–0.2 4.9–78.5 20–170
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Figure 1: *e arrangement of strain gauges. (a) *e arrangement at the vertical section. (b) *e arrangement at the cross section.
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Figure 2: Production and molding of samples. (a) Molds making. (b) Processed specimens.
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excavation body is taken out under in situ rock stress
(Figure 5(a)). As shown in Figure 5(b), three-dimensional
stresses applied in the specimen are the axial stress pz,
external confining stress p0, and internal confining stress p1,
respectively. *e external confining stress p0 is regarded as
the initial geostress (or in situ rock stress) because the size of
the outer surface of the specimen reaches 5 times of the
excavation radius, and it obeys the theoretical boundary
conditions of roadway excavation. In addition, based on
previous research results on the elastic-plastic theory about
roadway excavation unloading [23], the axial stress pz was
equal to the external confining stress p0 in the process of
roadway excavation unloading.

*ere were three applied initial geostresses (10, 20, and
30MPa) and two unloading rates (slow unloading 0.05MPa/s
and rapid unloading 2MPa/s) in the tests, and each specimen
can only correspond to one unloading rate under one initial
geostress. Before the test, the internal and external oil-filled
pressure of the specimen was 2.5MPa, which was considered
as the initial stress during loading. AE and strain monitoring
were carried out simultaneously in the loading and unloading
process. Taking initial geostress 20MPa as an example, this
paper shows the stress paths under two unloading rates in
Figure 5(b), and specific experimental procedure consists of
the following four stages:

(1) At the loading stage, three-dimensional stresses si-
multaneously increased to the designed initial
geostress level (pz � p0 � p1 � 20MPa) in a constant
rate of 0.1MPa/s

(2) At maintaining stage after loading, the specimen was
maintained for 10min under the three-dimensional
stresses to make the load transferred uniformly and
create an initial geostress environment

(3) At the unloading stage, the internal confining stress
p1 decreased in a constant rate of 0.05MPa/s (or
rapid unloading 2MPa/s) to simulate the process of
roadway excavation under invariable stresses pz and
p0

(4) At the maintaining stage after unloading, the spec-
imen was maintained for 15min under this stress
level (p1 � 0MPa, pz � p0 � 20MPa) to observe static
creep features of surrounding rock

Numerical data from the strain gauges were recorded to
investigate the deformation of surrounding rock during
testing. Positive and negative strain values represent tensile
and compression of the surrounding rock, respectively. To
investigate the effect of unloading on surrounding rock
deformation, the beginning of the unloading stage was taken
as the zero point of strain statistics, and the strain variation

b

Cooling machine

Hydraulic hoist

Servo oil source

Specimen

Oil tubing 

Oil tubing II

Air pump

Strain monitoring system

Computer control so�ware 

Pressure
chamber 

Axial 
loading 
system

AE monitoring system

(a)

(c) (d)

(b)

Figure 3: Model test system for excavation unloading of rock around the roadway. (a) *e testing machine, data acquisition subsystem. (b)
Static strain gauge. (c) Computer control terminal. (d) AE monitoring subsystem.
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at the unloading stage and the maintenance stage after
unloading was analysed. In this study, the excavation
unloading model tests with rapid and slow unloading rates
under three initial geostresses were carried out, so there were
six types in total. *ree groups of parallel tests were con-
ducted for each type, and the results of one group were
presented, in which the effect of surrounding rock strain and
AE characteristics was the best.

3. Experimental Results

3.1. Strain Characteristics of Roadway Surrounding Rock.
*e strain data obtained from the static strain gage were
processed, in which the beginning of the unloading stage was
taken as the starting point of strain recorded. *e positive
sign represented the tensile strain and the negative sign
represented compressive strain. Moreover, the strain

1-Tank base;
2-Bottom seal disc II;
3-Bottom seal disc I;
4-specimen;
5-Top seal disc I;

6-Top seal disc II;
7-Fixed link;
8-External rubber sleeve;
9-Inner rubber sleeve.
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Figure 4: Sealing structure of the specimen. (a) *e design of sealing structure. (b) *e assembled specimen.
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Figure 5: Mechanical mechanism model of the roadway under excavation unloading. (a) *e theoretical model of roadway excavation. (b)
Stress paths of excavation unloading test.
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evolution characteristics from the beginning of the
unloading stage to the end of the maintaining stage after
unloading were analysed in this study.

3.1.1. Strain Field of Surrounding Rock. *e strain features of
different measuring points with the radial depth are shown
in Figures 6 and 7, in which r is the distance from the
position ofmeasuring point to the center of the cavity and r0 is
the radius of the cavity (r0� 20mm). A radial strain refers to
the strain generated along the radius direction at the mea-
suring point inside the surrounding rock, while tangential
strain refers to the strain generated in the direction per-
pendicular to the radius. *e solid line means that the strain
was generated under a slow unloading rate (0.05MPa/s) at
different measuring points, and the dotted line means that the
strain was generated under a rapid unloading rate (2MPa/s)
at different measuring points. It was seen that the effects of
unloading rates on surrounding rock strain were similar
under different initial geostresses. *e radial strain of all
measuring points was tensile, whose value decreased with
radial depth increasing (Figure 6). In contrast, tangential
strain behavior was different from that of the radial (Figure 7).
*e strain was compressive at the roof, and the value also
decreased with radial depth increasing, whereas it was tensile
at the inner surface of the side wall and the floor and con-
verted to be compressive at 1∼2.5 time regions of the exca-
vation radius, whose value first increased to the peak and then
decreased gradually with radial depth increasing.

*e strain value of all measuring points was positively
correlated with initial geostresses and negatively correlated
with unloading rates. Besides, the influence degree of
unloading rates and initial geostresses on radial strain was
weakened with the radial depth increasing.

3.1.2. Strain Evolution Process. Taking evolution features of
radial strain around the floor (measuring point C1) as an
example, this paper shows the stress-strain relationship
under two unloading rates in the unloading stage (Figure 8)
and strain-time evolution characteristics in maintaining
stage after unloading (Figure 9). First, the strain caused by
rapid unloading stress increased slowly at the early
unloading stage. *en, the stress-strain curves happened to
turn with the deviatoric stress (p0 − p1) increasing, and then
augmented rapidly, which indicated that the elastic strain
energy in the specimen was released quickly. However, the
stress-strain curves approximated a straight line under slow
unloading, whose value was obviously larger than that of
rapid unloading.*e strain difference of two unloading rates
was enlarged with the initial geostress rising. At the
maintaining stage after unloading, compared with that of the
slow, the creep growth rate under rapid unloading was much
larger, and both curves tended to converge gradually at the
end.

3.2. Failure Modes. Figure 10 presents the failure modes of
hollow cylindrical specimens with two unloading rates
under different initial geostresses. It can be seen that there

was no apparent damage at the outer surface, but failure
patterns at the inner were significantly affected by unloading
rates.

When the initial geostress was 10MPa, there were some
tiny cracks generated in the inner surface of the specimen.
Compared with that of the slow, the damage under rapid
unloading was serious relatively, in which the abscission
layer of thin sections occurred in the floor and the side wall
(Figures 10(a) and 10(b)).

When the initial geostress was 20MPa, rock blocks
slabbing occurred on the floor and the side wall under rapid
unloading, which was similar to rockburst. Nevertheless, the
floor heave and tension cracks were generated under slow
unloading, and flaky rock desquamated from the side wall.
*e damage degree of the roof under two unloading rates is
relatively low, from which some small rock pieces peeled off
(Figures 10(c) and 10(d)).

When the initial geostress was 30MPa, the failure mode
was similar to that of the 20MPa, but the damage was more
serious (Figures 10(e) and 10(f)). Rockburst could be ob-
served on the floor and the side wall under rapid unloading.
In contrast, the floor heave was obvious under slow
unloading and was accompanied with a broken expand of
the ruptured rockmass. Under the two unloading rates, large
flaky rock stratification occurred in the roof and extended to
the side wall.

In summary, under low initial geostress, the damage of
rock mass is tiny and failure patterns are less affected by
unloading rates. *e larger the initial geostress, the more
serious damage of the surrounding rock. When the initial
geostress reaches a certain magnitude (30MPa), the failure
mode is dominated by large rock blocks slabbing in the floor
and the side wall under rapid unloading in this paper, which
is similar to rockburst in practical engineering (Figure 11)
[17, 24]. Nevertheless, it is dominated by the heave and
broken expand of ruptured rock mass under the slow.

3.3. Acoustic Emission Characteristics. *e hits, the ampli-
tude, and the frequency obtained from the AE monitoring
system were processed. AE time-domain and frequency-
domain analyses were conducted to systematically investi-
gate the fracturing processes of surrounding rock under two
unloading rates.

3.3.1. AE Time-Domain Characteristics. *e AE method has
been widely used to investigate rock failure and to quantify
rock damage in many engineering applications [25–27].
Based on previous research achievements about rock failure
[28], the number of cracks can be manifested by AE hits, and
the rock damage was quantified by changes of AE signal
characteristics. *e damage variable (D) can be calculated
for hollow cylindrical specimens by the following:

D �
Ω
Ωm

, (1)

whereΩ is the number of AE hits at a certain time during the
damage evolution. Ωm is the cumulative amount of AE hits
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during the whole testing period. Evolution characteristics of
AE hits and damage variable (D) subjected to two unloading
rates under different initial geostresses are shown in
Figures 12–14.

It can be seen that AE time-domain characteristics are
similar under different initial geostresses. At the loading
stage, a large number of AE signals were produced due to the
closure of preexisting cracks, voids, or other defects. AE hits
rate increased gradually and peaked near the end of this
stage, and the damage variable (D) increased in a type of “S”.
During the stress maintenance phase, AE hits rate decreased
and D grew slowly, which indicated that the specimen was
compacted gradually.

Taking 30MPa initial geostress as an example, evolution
characteristics of AE hits rate and the D during unloading

stage and maintaining stage after unloading is shown in
Figure 14. At the early and middle stages of rapid unloading,
the AE hits rate was low, and it reached the peak rapidly at
the end. *e D rose vertically in this stage, which indicated
that propagation and transfixion of cracks occurred im-
mediately. After unloading, the AE hits rate remained active
and stabilized gradually with the maintenance time
(Figure 14(a)). On the other hand, the phased division of AE
time-domain characteristics during the slow unloading stage
was evident, which was significantly different from that of
the rapid. First, there were few AE hits at the early unloading
stage and AE signals were in a “quiet period.” *en, AE hits
rate increased slowly with the unloading continuing, re-
vealing that new microcracks were generated and started to
grow. Subsequently, they increased in a type of jumping,
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Figure 6: Radial strain characteristics of roadway surrounding rock. (a) *e roof. (b) *e side wall. (c) *e floor. *e solid line represents
0.05MPa/s; the dotted line represents 2MPa/s.
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indicating that microcracks started to extend unsteadily.
Finally, AE hits rate reached the peak and the D rose in
exponential type, which demonstrated that the main fracture
of the surrounding rock occurred. After this stage, the AE
hits rate decreased slowly and tended to be relatively stable
(Figure 14(b)).

Table 2 illustrates the effects of unloading rates on AE
hits rate and damage variable under different initial geos-
tresses. At the unloading stage, AE average hits rate of rapid
unloading was much larger than that of slow unloading
under the same initial geostress, indicating that the gener-
ation rate of cracks under rapid unloading was far more.*e
relative damage proportion of rapid unloading was much
smaller than that of the slow during the unloading stage,
whereas it was opposite in the creep stage after unloading,

which was consistent perfectly with strain characteristics in
Section 3.1.2. As the initial geostress increased, the time at
the peak of the AE hits rate would be relatively delayed after
the beginning of unloading, and it even appeared in a period
of time after unloading.

3.3.2. AE Frequency-Domain Characteristics. AE frequency-
domain characteristics were similar under different initial
geostresses, so taking 30MPa initial geostress as an example,
this paper investigated the influence of unloading rates on AE
peak frequency and the amplitude during the unloading stage
and maintaining stage after unloading. Based on the fast
Fourier transform (FFT) method, Figures 15 and 16 present
evolution characteristics of the peak frequency-time-amplitude
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Figure 7: Tangential strain characteristics of roadway surrounding rock. (a) *e roof. (b) *e side wall. (c) *e floor. *e solid line
represents 0.05MPa/s; the dotted line represents 2MPa/s.
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obtained from the AE wave data under two unloading rates.
Experimental results are as follows:

At the rapid unloading stage, the main fracture occurred
immediately in the surrounding rock due to the instanta-
neous removal of stress. *e distribution range of peak
frequency signals was extensive, which was concentrated in
40∼100 kHz and 120∼190 kHz. *e amplitude of signals rose
drastically near 150 kHz and reached up to 691mV. At the
maintaining stage after unloading, high amplitude signals
were also observed, and there were a small number of high-
frequency signals at the end, which was concentrated in
140∼160 kHz (Figure 15).

However, compared with that of the rapid, the phased
division of AE peak frequency signals was evident at the
unloading stage. First, there was a small amount of AE
signals at the early, which were concentrated in 130∼160 kHz
with low amplitude. *en, signals increased gradually,

whose distribution range was wider. In the end, the am-
plitude of signals rose slowly near 150 kHz and reached up to
439mV, and the peak frequency was most widely distributed
at the same time. At the maintaining stage after unloading,
the amplitude of signals reduced slowly, which changed to be
steady at the end, and the peak frequency was also con-
centrated in 140∼160 kHz (Figure 16).

Overall, the evolution characteristics of AE amplitude
and the peak frequency corresponds well to that of AE hits
rate in Section 3.3.1, which also reflect the failure process of
surrounding rock under two unloading rates. By comparing
with AE frequency-domain features under two unloading
rates, a large number of AE signals were generated in the
main rupture period, in which the distribution range of peak
frequency becomes wider gradually, the amplitude rose and
high-amplitude signals distributed around 150 kHz.
*erefore, it is believed that the expansion of the peak
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Figure 8: Radial stress-strain curves around the floor surrounding rock at the unloading stage. (a) 10MPa; (b) 20MPa; (c) 30MPa.
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frequency distribution range and the gradual rise of AE
amplitude can be regarded as precursory information of the
main fracture occurring in surrounding rock at the
laboratory.

4. Analysis and Discussions

4.1. Influence ofUnloadingRates onDeformation. During the
process of unloading, the free face was formed around the
cavity with internal confining pressure unloaded. *e sur-
rounding rock expanded laterally under axial pressure, and it
could only be developed towards the interior of the cavity
due to the external confining pressure. Hence, as can be seen
in Figure 6, the radial strain of surrounding rock was tensile
and decreased gradually with the radial depth increasing.

It is believed that compressive stress concentration was
generated in the tangential direction of the vault when the

surrounding rock moved inward [29]. Meanwhile, tensile
stress was generated in the tangential direction of the floor
and the side wall, and the touch effect of both can cause the
compression of the corner rock. With the radial depth in-
creasing, the degree of unloading effect was weakened, and
the compressive stress of the corner surrounding rock was
gradually transferred to the interior of the floor and the side
wall. *erefore, the tangential strain was compressive inside
the surrounding rock of the floor and the side wall due to the
constraints of external confining stress and axial stress. *e
characteristics of the strain field are consistent with that of
roadway surrounding rock in actual engineering [30].

*e characteristic floor radial strain proportion and the
strain in the unloading stage and maintaining stage after
unloading under different unloading rates are shown in
Figure 17.*e proportion of the strain at the unloading stage
to the total strain was the highest when the initial geostress
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Figure 9: Radial strain-time curves around floor surrounding rock at the maintaining stage after unloading. (a) 10MPa; (b) 20MPa; (c)
30MPa.
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was 10MPa. In the contrast, the proportion of strain at the
maintaining stage after unloading was the lowest. With the
increase of initial geostress, the proportion of strain at the
maintaining stage after unloading increased relatively.
However, when the initial geostress was 30MPa, the pro-
portion was slightly lower than that of the initial geostress
20MPa. It is estimated that a part of the strain energy stored
in the specimen was converted into the elastic energy re-
quired for stripping and falling of rock blocks and fragments.
In addition, under the same initial geostress conditions, the
proportion of strain at the maintaining stage after unloading
of the rapid was higher than that of slow. As can be seen from
Figures 8 and 9, with the stress increased, the deformation
speed of the surrounding rock accelerated, and the
unloading stress of the unit time caused greater deformation
of the surrounding rock. *at is, the greater the initial

geostress is, the greater the impact on the deformation of the
surrounding rock is. As shown in experimental results, the
strain features of surrounding rock corresponded well with
that of AE time-domain and the frequency-domain. *e
relative damage proportion (Table 2) under two unloading
rates was similar to the strain characteristics.

4.2. Influence of Unloading Rates on Failure. Rock me-
chanical characteristics are the intrinsic properties of the
failure mode of surrounding rock caused by excavation
unloading. *e rockburst grade of cement mortar in this
paper was determined by the mechanical characteristics.
Table 3 shows the classification standard of rockburst
proneness. Uniaxial strength and elastic modulus of cement
mortar were 26.4MPa and 12.8GPa, respectively.*e elastic

(a) (b)

(c) (d)

(e) (f )

Figure 10: Failure modes of specimens under different initial geostresses and unloading rates. (a) Rapid unloading under 10MPa. (b) Slow
unloading under 10MPa. (c) Rapid unloading under 20MPa. (d) Slow unloading under 20MPa. (e) Rapid unloading under 30MPa. (f )
Slow unloading under 30MPa.
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strain energy index is used to identify the rockburst
proneness of cement mortar [31]. *e index can be calcu-
lated by

U �
σ2c
2E

, (2)

where U is the elastic strain energy of the material. E is the
elastic modulus of the material, and U� 27.225 kJ/m3 is
calculated. According to Table 3, it is judged that the cement
mortar material in this paper has a weak rockburst
proneness.

Generally, the failure modes of arch roadway are to
produce large wedge at the hole wall or to produce different
forms of broken area, the plastic area near the hole wall, and
so on, which has been confirmed by previous chamber
model tests and field tests [32, 33], and can also be explained
by the existing mechanical theory of arch roadway structure
[29]. When the tensile (compressive) stress is larger than the
tensile (compressive) strength of the material itself, the
failure occurs in the surrounding rock and the failure range

is extended to a certain position where the tensile (com-
pressive) stress caused by unloading is less than its limit
value. Failure modes of surrounding rock can be well
explained by the evolution characteristics of AE parameters.
*e experimental results show that rockburst can be induced
by spalling damage of rock material [34]. In addition,
rockburst may occur in weak rockburst tendency materials,
which with under high ground stress and high unloading
rate.

Based on the energy theory of rock damage and com-
bined with the influence mechanism of unloading rates on
surrounding rock failure studied by predecessors through
triaxial tests [5, 35], it was analysed that a large number of
microcracks in the specimen closed under the action of
three-dimensional stresses during loading and maintaining
stages, and this caused a large amount of elastic strain energy
stored in surrounding rock. Whereafter, during the process
of unloading, stress concentration occurred in the crack tip
due to the stress adjustment inside the surrounding rock,
and microcracks expanded, and strain energy was released

(a) (b)

Figure 11: Failure characteristics of rockburst at actual arch roadway [17, 24].
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Figure 12: AE Time-domain characteristics under 10MPa. (a) Rapid unloading. (b) Slow unloading.
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Figure 13: AE Time-domain characteristics under 20MPa. (a) Rapid unloading. (b) Slow unloading.

0

80

40

160

120

200

240

A
E 

hi
ts 

ra
te

0

0.2

0.4

0.6

0.8

1.0

D
am

ag
e, 

D

0

10

5

15

20

25

29

(P
0 –

 P
1)

 M
Pa

1200 1800600 900300 15000
Time (s)

×103

AE hits rate
Damage, D
(P0 – P1) MPa

1 2 3 4

1
2
3
4

-loading stage
-maintaining stage
-unloading stage
-maintaining stage

240

180

120

60

0

A
E 

hi
ts 

ra
te

D
am

ag
e, 

D

×10
3

0.52

0.51

0.50

0.49

0.480 5 10
(P

0
 – P

1
) MPa

15 3020 25

(a)

0

80

40

160

120

200

240

A
E 

hi
ts 

ra
te

0

10

5

15

20

25

29

(P
0 –

 P
1)

 M
Pa

0

0.2

0.4

0.6

0.8

1.0

D
am

ag
e, 

D

1200 24002000800400 16000
Time (s)

×103

AE hits rate
Damage, D
(P0 – P1) MPa

1 2 3 4

1
2
3
4

-loading stage
-maintaining stage
-unloading stage
-maintaining stage 100

60
80

40
20

0

A
E 

hi
ts 

ra
te

×10
3

D
am

ag
e, 

D

0.75
0.70
0.65
0.60
0.55
0.50

0 5 10
(P

0
 – P

1
) MPa

15 20 3025

(b)

Figure 14: AE Time-domain characteristics under 30MPa. (a) Rapid unloading. (b) Slow unloading.

Table 2: Effects of unloading rates on AE hits rate and damage variable under different initial geostresses.

Initial
geostresses
(MPa)

Unloading rates
AE average hits rate
at the unloading

stage

Deviatoric stress at the
peak of AE hits rate

(MPa)

Relative damage
proportion at the

unloading stage (%)

Relative damage proportion
at static creep stage after

unloading (%)

10 Rapid 14.85 8.5 (85%)1 4.9 15
Slow 1.16 7.35 (73.5%)1 8 7

20 Rapid 25.02 18.6 (93%)1 3.5 20.1
Slow 3.48 18.1 (90.5%)1 11.5 10.4

30
Rapid 100.3 28.5 (95%)1 3.4 48.1

Slow 12.56 30 (30 s after
unloading)1 20.5 27.8
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when the stress was larger than its critical strength. When
the geostress was low, the energy storage in the specimens
was relatively low. Nomatter the unloading speed was fast or
slow, there will be no rockburst occurred. When the initial
geostress reached a certain magnitude, a large amount of
strain energy was accumulated in the surrounding rock.
During the rapid unloading stage, the surrounding rock
stress could not be adjusted in time at the early, and a large
number of cumulative strain energy was released instantly
under the cumulative deviatoric stress at the end, which
caused that cracks to rapidly extend to the deep. *e
specimen was still affected by the unloading effect after this
stage. Furthermore, some strain energy was directly con-
verted into kinetic energy, which led to rockburst in the floor
and the side wall (Figures 10(c) and 10(e)). Nevertheless,
during the slow unloading stage, the stress transmitted fully

under a long unloading time, the strain energy inside the
surrounding rock was released slowly and fully under slow
unloading. *is caused a large amount of cracks initiation
and propagation (Figures 10(d) and 10(f)). *us, the strain
value of slow unloading was larger than that of the rapid
unloading at any deviatoric stress during the unloading
stage, whereas it was opposite in the static creep stage after
unloading. *e compactness of the surrounding rock was
raised and the ability to resist external forces at internal
cracks was also enhanced due to the rise of initial geostress,
which caused that the time of main fracture occurring may
be delayed relatively.

In conclusion, in order to avoid rockburst, the velocity of
excavation unloading should be reduced in deep mining
engineering. For example, the excavation method of TBM
should be used instead of the drilling and blasting method in
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Figure 15: AE frequency-domain characteristics with rapid unloading under 30MPa. (a) Peak frequency-time–amplitude evolution
process. (b) Peak frequency-time evolution process.
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Figure 16: AE frequency-domain characteristics with slow unloading under 30MPa. (a) Peak frequency-time-amplitude evolution process.
(b) Peak frequency-time evolution process.
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actual engineering, which means to improve the efficiency of
mechanical drivage and fully release the strain energy to
improve the stability of the surrounding rock after exca-
vation. In the process of roadway excavation unloading, it is
necessary to support timely and effectively for heave de-
formation at the floor, the side wall, and the caving at the
vault to inhibit the generation and development of cracks
and prevent the engineering accidents.

*is paper provides a new test method for investigating
the deformation and AE characteristics of roadway sur-
rounding rock under different excavation unloading paths.
However, deep excavation is a step-by-step unloading
process, which is difficult to be simulated in the laboratory
[36]. Most of the simulation tests of roadway excavation and
rockburst are one-time excavation. At present, few experi-
mental systems can simulate the step-by-step excavation of
roadway in a three-dimensional stress state, which is a
subject of our future work.

5. Conclusions

In this paper, excavation unloading model experiments of
the arch roadway that were conducted by the self–developed
laboratory test system using the small hollow cylindrical
specimens were performed to investigate the effects of
unloading rates on surrounding rock deformation and AE
features under different geostresses. Based on the experi-
mental results, the following conclusions can be drawn:

(1) *e deformation laws of surrounding rock are
similar under different initial geostresses and

unloading rates. *e strain is tensile in the radial
direction of the surrounding rock, whose value de-
creases with radial depth increasing. In contrast, the
tangential strain characteristic is different from the
radial. *e strain is compressive at the roof, whereas
it is tensile at the inner surface of the side wall and
the floor and converted to be compressive with the
radial depth increasing, whose value first increases to
the peak and then decreases gradually.

(2) *e strain value of all measuring points is positively
correlated with the initial geostresses and negatively
correlated with the unloading rates in the process of
unloading. Compared with that of the slow, the
strain value is smaller under rapid unloading at the
unloading stage, but it is larger at the static creep
stage after unloading.

(3) When the initial geostress reaches a certain mag-
nitude, there is a conspicuous difference in failure
modes under two unloading rates. On the floor and
the side wall, it is dominated by large rock blocks
slabbing under rapid loading, which is similar to
rockburst, whereas it is dominated by the heave and
broken expand of rock mass under the slow. *e
damage degree of roof surrounding rock is relatively
low under two unloading rates.

(4) AE time-domain characteristics indicate that the
main fracture occurs immediately in surrounding
rock under rapid unloading. Nevertheless, the
phased failure process is revealed obviously under
slow unloading, which includes the initiation and
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Figure 17: Characteristic floor radial strain proportion and strain in the unloading stage and maintaining stage after unloading. (a) Rapid
unloading. (b) Slow unloading.

Table 3: Classification criteria for rockburst tendency [31].

U (kJ/m3) U< 40 40<U≤ 100 100<U≤ 200 U> 200
Intensity of rockburst Weak Medium Intensity Extra intensity
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expansion of microcracks, appearance of macro-
cracks, and the generation of the main fracture. *e
relative damage proportion during the rapid
unloading stage is much smaller than that of the
slow, whereas it is opposite in the creep stage after
unloading. As the initial geostress increases, the time
of the main fracture occurring may be delayed rel-
atively, and it even appears in a period of time after
unloading.

(5) AE frequency-domain characteristics indicate that
the expansion of the peak frequency distribution
range and the gradual rise of AE amplitude can be
regarded as the precursor information of the main
fracture occurring. Compared with that of the slow,
the peak-amplitude of AE signals is larger under the
rapid unloading and the stability is worse after
unloading. As the initial geostress increases, the
distribution range of peak frequency is wider
gradually.
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