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Te deformation and failure of the surrounding rock during roadway excavation often determine the choice of supporting methods.
To study the deformation behavior and failure modes of the surrounding rock after excavation under unloading stress, structural
model tests were carried out with a novel experimental device. Te present structural model test using partial hollow thick-walled
cylinder cement mortar specimen φ200mm× 280mm with a horizontal central circular hole of 60mm diameter and the hollow
height of 160mm was conducted to investigate the deformation, failure characteristics, and AE response of a whole testing process
from excavation to postunloading state. Experimental results revealed that the amount of deformation behind the surface is
signifcantly higher than that in front of the surface, and the radial strain increases with the increase of the distance from the surface
within the range afected by unloading. Furthermore, the unloading rate has a little efect on the radial deformation of the sur-
rounding rock in front of the surface, but has a substantial efect on the radial deformation behind the excavation surface. Te peak
value of the strain rate at the unloading rate of 2MPa/s is much higher than that at the unloading rate of 0.1MPa/s. According to AE
results and the failure of opening the boundary, the increase of unloading rate triggers and exacerbates the damage of the specimen
under high in situ stress conditions.Te surrounding rock expanded to the inner hollow, accompanied by large dilation and volume
changes, and it resulted in the shrinkage of the hole diameter. A large number of rock slices are generated at the opening curved free
surface and then fell of, whosemorphology is similar to the rock blocks that fell of after caving failure and rock burst in situ feld.Te
results show that the system can accurately simulate the mechanical response and acoustic emission response of the excavated
surrounding rock, which provides a new experimental method for further study of the unloading response of the surrounding rock.

1. Introduction

Underground engineering excavation is a dynamic adjust-
ment of the surrounding rock stress in time and space during
the process of radial stress unloading, which actually changes
from the in situ stress state before excavation to the sec-
ondary stress state after excavation. Te disturbance process
results in the change of the properties of surrounding rocks
inevitably. In general, the faster the excavation speed is, the
greater the impact on the properties is. Especially in high
in situ stress and hard-brittle rock mass [1–3], enormous
failure to the underground tunnelling or mining engineering
is often caused by excavation unloading, such as large

deformation and rock bursts. As a result, it is very important
to reduce the infuence of disturbance and maintain the
stability of surrounding rock by adopting efective measures.
Surrounding rock deformation and failure are the most
direct reference to the support design [4], but the law and
mechanism still remain unclear. Terefore, an in-depth
understanding of the deformation laws and failure pat-
terns of surrounding rock is important for the use of efective
support design and the determination of reasonable
support time.

Te excavation face can restrain the surrounding rock
deformation around the hole efectively and ensure the
implementation of the stability measures behind the
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excavation surface. It is considered that rock mass
strength, stress level, and plastic radius afect the spatial
efect of the excavation face [5–7]. Usually, the spatial
efect of the excavation surface is studied by using on-site
monitoring convergence displacement. Te longitudinal
deformation profle (LDP) curve is usually obtained by
means of frst excavation and then monitoring. Te above
obtained calculation is complex and the response of the
rock mass in front of the excavation face cannot be de-
tected. After excavation, the infuence of spatial efect
should be considered [8–10]. However, there are few
experimental studies considering the spatial efect of the
excavation face.

Tick-walled cylinder (TWC) was used to evaluate the
roadway stability and is a simple and reliable testing method
to study the unloading efect of the roadway excavation
[11, 12], which can avoid the infuence of the gap efect,
complex stress path selection, simulate accurately the hoop
efect, and gradient stress around the hollow [13], compared
with the traditional true-triaxial unloading test. In recent
years, TWC has been widely used in laboratory tests [14–22],
theoretical analysis [23, 24], and fnite element analysis [25]
to study the mechanical response and supporting charac-
teristics of rock mass. For example, Wu et al. compared the
infuences of diferent flling materials on the deformation,
strength, and failure of TWC sandstone. Tey concluded
that fexible support was the most efective support for the
surrounding rock [14]. Wang et al. studied the infuences of
peripheral compressive stress, aspect ratio, and radial stress
gradient on the strength of TWC granite specimens [15].
Zhang et al. and Wu et al. studied the failure form and the
generation mechanism of the TWC samples under the
condition of pressure unloading in the hole [16, 17].

Acoustic emission (AE) method has been widely used in
rock damage fracture and damage localization detection
[26, 27]. Zhang et al. conducted the uniaxial multistage
loading test on the siltstone, and found that the AE pa-
rameters depict the changes in the activity of cracks during
rock fracture from temporal perspectives [26]. Dong et al.
proposed an AE source location method for structures
containing unknown empty areas, which improved the lo-
cation accuracy [27]. However, the tomography technique in
acoustic emission method feld also plays an important role
in detecting the stress variation and hazard regions in rock
mass [28–30]. Dong et al. adopted the 3D tomography
method to quantitatively evaluate the six infuencing factors
of AE wave velocity tomography inversion and proposed
a travel time tomography method to identify the buried
abnormal regions in complex rock mass structures [28, 29].

Te abovementioned work was of great signifcance to
the understanding of the mechanical properties of the rock,
but there were few researches on the surrounding rock
deformation, fracture, and AE response with diferent
unloading rate. Terefore, we designed a model testing
system of roadway excavation unloading and solved the key
technical issues of internal and external pressure in-
dependent loading and unloading conditions to investigate
the response. Ten, a series of simulated tunnel excavation
unloading tests were conducted with PHTWC cement

mortar specimens, and the surrounding rock deformation
law, failure mode, and AE response at diferent unloading
rates were obtained. Te study provided another way to
obtain the mechanical properties and AE response of the
roadway surrounding rock.

2. Experimental Methods and Testing System

2.1. Testing Principle. Te underground excavation is ac-
tually an unloading progress, which is difcult to reproduce
through on-site in situ experiments. Te underground ex-
cavation process of circular sections was simplifed into
elastoplastic mechanics model, and the mechanical process
and the principle of excavation unloading were simulated in
a laboratory. Te principle is the same as shown in Figure 1.
After the “excavated body” being taken out, the stress acting
on the “boundary” was dropped to zero, and the sur-
rounding rock shrank and deformed. In the laboratory, the
key issues were to achieve the simulation of this unloading
process and to study the degree of infuence of the unloading
rate on the surrounding rock deformation and damage.

2.2. Testing System. Te tunnel excavation unloading model
testing system for TWC (see Figure 2), which consists of
loading system, control system, and data acquisition system,
as well as the sealing device, was developed by Hou et al. and
other institutions at the Chinese university of mining and
technology in Beijing [31]. To solve the key technical issues
of internal and external pressure independent loading and
unloading conditions for PHTWC, the sealing device was
improved, which is expatiated again in Section 2.3.

2.2.1. Loading and Unloading System. Loading and
unloading system includes axial loading frame, a moveable
pressure chamber, and two superchargers. Axial loading
frame adopts an integral structure with great output force of
about 3000KN, as shown in Figure 2(a). Pressure chamber
mainly includes sealing device, spherical pressure pad, air
outlet, and axial piston unit (see Figure 2(a)). Te outer size is
1150mm (height)× 510mm (diameter) and the inner size is
526mm (height)× 350mm (diameter).Te pressure chamber
can accommodate TWC specimens with a dimension of
300mm (height)× 200mm (diameter).Te pressure chamber
and the base are clamped by using the load-bearing clamping
rings. Te base equipped with multiple strain and AE data
acquisition channels contains four rollers for moving hori-
zontally on a sliding track. Te external cavity supercharger is
designed to produce an external confning stress up to
100MPa, which consists of piston, pressure sensor, and
pipeline. Te working principle of the internal cavity su-
percharger is similar to that of the external cavity super-
charger (see Figure 2(b)).Te testing machine adopts a closed
loop full digital measurement and control technology, which
is composed of electro-hydraulic servo system, EDC22x
measuring controller, a pressure sensor, and a displacement
sensor. Test force, displacement, deformation, and extended
channel function (e.g., data control, acquisition, display, and
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report output) can be managed through the special control
software (see Figure 2(c)).

2.2.2. Data Acquisition System. Loading and unloading data,
strain data, and acoustic emission data are collected through
the data acquisition system. PCI acquisition card is used to
collect data obtained from the pressure sensor and the
displacement sensor. Te data storage paths and parameters
can be set in the computer control system software. Strain
gages were arranged to collect real-time strain data. A
twenty-four channels static strain meter (see Figure 2(d))
(model: DH3818Y), equipped with Σ−ΔA/D analog-to-
digital converter, measuring range from −30000 με to
+30000 με, can realize the dynamic and static continuous
accurate data acquisition. Uninterrupted power supply of
the battery can avoid the infuence of AC power on AE
collection during testing. An all-information AE signal
analyzer (model: DS5-8B) (see Figure 2(e)) can record the
waveform and information state of 8 channels synchro-
nously. Using supporting AE analysis software, the setting of

the storage path and collection parameters is realized.
Considering that the AE results could be afected by noise,
the testing machine and AE equipment were grounded, and
the sensor and testing machine joints were connected with
shielded wire to reduce the interference of an external
magnetic feld on AE signals. At the same time, the an-
thropogenic and external noise during testing should be
avoided.

2.3. Experimental Sealing Device. As shown in Figure 3, the
sealing device is mainly composed of bottom sealing block,
top gasket block, top sealing block, fxed steel rod, rubber
membranes, and pressure bending pipes.

2.3.1. Loading Block. Bottom sealing block is a horizontal
solid cylinder with grooves (see Figure 3(a)) for sealing the
outer rubber membrane. Data lines past through the sealing
block to realize the data transmission. One end was con-
nected to the specimen, and the other end was pulled out

Before excavation

P0 P0

Boundary

Afer excavation

Boundary

Excavation body

Figure 1: Schematic diagram of real roadway excavation mechanics.
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Figure 2: Illustration of the tunnel excavation unloading testing system. (a)Te unloading testing machine, (b) the supercharger of internal
and external stresses, (c) the computer control software, (d) the strain monitoring system, and (e) the AE monitoring system.
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through the high-voltage resistance terminal and connected
to the base joints. Top gasket block (see Figure 3(b)) contains
two grooves in the side wall, which are, respectively, used to
seal the outer and inner rubber flm. A 10mm thick steel
gasket was attached below the top block, which could be
removed and replaced to change the hole size required for
testing needs. Te top sealing (see Figure 3(c)) is a key to
achieve inner stress loading and unloading. Two oil holes
were designed on the top sealing block for entering and
exiting the silicone oil, thus ensuring that the cavity of the
specimen could be flled with oil. Te O-ring was sealed in
a groove, which prevented the oil from passing through each
other under axial pressure and ensured the success of
loading and unloading. Similar to the bottom sealing block,
the top sealing block also contains a data cable that can be
used as an expansion channel.

2.3.2. Rubber. Te success of the testing is closely related to
the isolation of internal and external cavities. Te combi-
nation of elastic rubber flm and rubber isolates the inner
and outer chambers. One reason is that it can well isolate the
oil in the internal and external cavities. Another reason is
that it has great elasticity and can still tighten and seal with
the deformation of the specimen.

2.3.3. Fixed Steel Rods and Pressurized Pipes. Fixed steel rod
(see Figure 3(d)) is made of high-quality and high-strength
steel with threads engraved at both ends. Two symmetrically
distributed solid steel rods could fx the specimen in the
sealing device and prevent the specimen frommoving under
external forces such as buoyancy of oil, resulting in axial bias.

Pressurized pipe is a part that connects the oil port on the
top sealing block to the inner cavity flling tube. It must be
able to resist large confning pressure and ensure the joints
do not leak.

2.3.4. Working Principle of the Load-Unload State.
Figure 4 is a sealing device assembly diagram; the assembly
process is as follows: frst, the bottom sealing block, the
specimen of the inner and outer rubber (closed end facing
down and opening end facing upward), top gasket, and top
sealing block were placed horizontally in turn. Next, the data
lines on the specimen were connected to the testing device,
and the connectivity was detected by strain gauge. Ten, the
inner and outer rubber flms were fxed on the top block and
the bottom sealing block, respectively. Finally, the pres-
surized pipes were connected and two steel rods were fxed.
Te acoustic emission sensors were installed on the pre-
marked position.

Te sealing device separates the inner and outer
chambers efectively. Te testing system combined with the
sealing device realized the independent loading and
unloading control of the axial, internal, and external con-
fning of the specimen. Te loading and unloading system
can control the axial pressure and the external cavity su-
percharger and internal cavity supercharger can control the
external and internal pressure independently of each other.
Before the testing, the internal and external cavities of
specimens were flled with silicone oil, and the servo valve
was controlled by the controller to act on the supercharger to
realize the independent loading and unloading of internal
and external confning stresses.

Figure 3: Sealing device: (a) bottom sealing block, (b) top gasket block, (c) top sealing block, (d) fxed steel rods, (e) rubber in the hole, and
(f) pressurized pipe.
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2.4. Specimen Preparation. Cement mortar materials,
namely, rock-like materials, characterized by obtained easily,
good stability, and moldability, using to simulate the me-
chanical properties well of rock materials, were used in the
experimental research widely [32–34]. By adjusting the
mixing proportion of the cement mortar, standard core
specimens similar to mechanical properties of sandstone
were obtained [35]; the physical and mechanical parameters
of the cement mortar and sandstone are shown in Table 1.
Hence, cement mortar materials with the same proportion as
core specimens were selected to make PHTWC for testing
(see Figure 5(a)).

Te specimen size mainly considers the following two
points. (a) Size suitability: Te reduction of hole diameter will
lead to signifcant strength efect and structural efect of the
specimen. Tis phenomenon is more pronounced when the
hole diameter is less than 50mm. As a result, the stress value
required for the failure of the inner wall of the hole increases
signifcantly. In fact, the section size in practical engineering is
large, and the infuence of strength efect and structural efect
is not obvious. Tis results in a big discrepancy between the
testing results and the actual situation [36]. (b) Boundary
efect: After excavation unloading in roadway construction,
the infuence range of surrounding rock stress disturbance is
about 3∼5 times the hole diameter. In order to eliminate the
boundary efect, the outer diameter of the model testing
specimen was selected as 3∼5 times the hole diameter. As
a result, the dimensions of PHTWC are as follows: the outer
size is 280mm (height)× 200mm (outside diameter)×

60mm (inside diameter), the hollow height is 160mm, and
the solid height is 120mm (see Figures 5(a) and 6). Specimen
processing accuracy is in strict accordance with the standards
of the international association of rock mechanics.

Six AE sensors (model RS-5A, operating frequency range
from 50 kHz to 100 kHz), withstand high oil pressure,
mounted on the outer wall of the specimen (see Figures 5(b)
and 5(c)), were used to acquire AE signals.Te sampling rate
and the trigger threshold of the AE were set to 3MHz/s and
30 dB, respectively. Te silicon grease, as coupling agent, can
reduce the signal attenuation and enhance the signal
transmission between the specimen and the sensors. Eight
strain gages (no. from #1 to #8), with the fence length size of
5mm× 3mm, sensitivity factor of 2.08± 0.5%, and re-
sistance value of 120± 0.3Ω, were distributed in diferent
positions inside the specimen as shown in Figure 6. Strain
gauges attached in a very fne and sparse wire (0.2mm)mesh
were pre-embedded in the cement mortar. Wire mesh and
cement mortar materials have a similar linear expansion
coefcient and good adhesion, so that they can be deformed
together during testing. In addition, the wire mesh does not
afect the mechanical behavior of the specimen in the high-
stress testing environment.

2.5.TestingDesign. A load of samemagnitude was applied to
the axial, inner, and outer of specimens, i.e., as shown in
Figure 7. After the loading strain was stable, external con-
fning stress and axial stress were kept, and the internal
confning stress was relieved at diferent rates, so as to
simulate the excavation unloading process of roadway.

top block

top seal block
AE sensor

rubber mold

strain gague

rubber mold

bottom block

specimen

fxed steel rod

Figure 4: Installation diagram of the sealing device.

Table 1: Mechanical and physical parameters of cement mortar
material and sandstone.

Rock type CS (MPa) E (GPa) ] ρ (g · cm−3)
Cement mortar 25.0 10.2 0.19 1.97
Sandstone 20∼170 4.9∼78.5 0.02∼0.2 2.1
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Before the test, the specimen was placed in the sealing
device, and the tightness was check. Te pressure chamber
was installed and the monitoring equipment was debugged.
Te test procedure included the following three steps:

(1) Te experiment paths are as shown in Figure 8. First,
axial stress was applied to 2.5MPa at a constant
loading rate of 0.1MPa/s to prevent the specimen to

move during silicone oil flling process. After that,
the external and internal confning stresses were
added to 2.5MPa at the same loading rate (0.1MPa/
s) as the axial stress.

(2) Ten, the axial stress, external, and internal con-
fning stresses were increased to the designed levels
at a constant loading rate of 0.1MPa/s, using the
experimental paths plotted in Figure 8. To simulate
the stress state of the original rock, the deformation
was kept stable for 10min after loading.

(3) Finally, the internal confning stress was relieved
under stress control mode, and the diference of
external stress and internal stress (hereafter called
deviatoric stress) continues to increase. Tere are two
unloading rates: 0.1MPa/s and 2MPa/s. To obtain the
mechanical response of surrounding rock after
unloading, the deformation was kept stable for 8min.

Te axial stress, internal confning stress, and external
confning stress were automatically recorded by computer
control system software, and the recording speed is 16 times
per second. Meanwhile, the strain changes and AE signals
were monitored at the point in real time by strain moni-
toring system and AE monitoring system, respectively.

AE sensors

(a) (b) (c)

Figure 5: (a) Overview of the cement mortar specimens in the study. (b, c) Positions of the AE sensors.
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3. Experimental Results

3.1. Infuence of Unloading Rate on Deformation. Figure 9
shows the radial strain response and cumulative AE hits
curves of diferent measuring points from the unloading
tests for specimens with the unloading rates, i.e., 2MPa/s
and 0.1MPa/s. As presented in Figure 9, rock mass ahead of
the excavation face has produced slight deformation under
the infuence of excavation unloading efect. At the position
of 1 times the hole diameter in front of excavation
(Figure 9(a), gage #7), the radial strain of surrounding rock
presented tension-compression alternations, while com-
pression appeared at 2 times the hole diameter (Figures 9(a)
and 9(b), gage #8). Tis phenomenon may be caused by the
intensity of stress adjustment and the mechanical properties
of surrounding rocks after unloading.

Unlike the strain characteristics of the surrounding rock
ahead of the excavation face, the radial tensile strain behind
the excavation face was relatively large. Te deformation of
the surrounding rock varies with diferent spatial positions,
such as longitudinal position and radial depth. Although the
spatial positions were diferent, the evolution characteristics
of the radial strain were similar for the same unloading rates.
In the process of internal confning stress unloading, the
radial tensile strain at or near the inner wall rock was
produced rapidly. Especially when the unloading rate was
2MPa/s, the slope of the radial strain curves was highly big
(Figure 9(a)). After unloading, the growth rate slows down.
In the end, when the radial depth was constant, the radial
strain value was the largest at the distance from excavation
face of 2 times the hole diameter. For example, the mea-
suring point strain values of gage #5 and gage #1 were greater
than those of gage #6 and gage #2, respectively. Within the
infuence range of excavation unloading in this study, when
the radial depth was constant, the greater the longitudinal
distance from the excavation face was, the greater the radial
deformation was, which has also been observed by other
researchers [6]. When the longitudinal position was con-
stant, the radial strain of inner wall rock was higher than that
at the radial depth of 35mm from the inner wall. For in-
stance, the measuring point strain values of gage #5 and gage
#6 were larger than those of gage #1 and gage #2, re-
spectively.Tis shows that the inner wall rockmight be more
susceptible to the condition of excavation. In addition, the
radial strain agrees with the cumulative AE hits in Figure 9.

Figure 10 shows the deviatoric stress-strain curves from
two unloading rates during the unloading process. With the
increase of the deviatoric stress, at unloading rates of 2MPa/
s, the stress-strain curves presented a trend of convergence.
However, when the unloading rate was 0.1MPa/s, the trend
of the stress-strain curves was developmental. During the
unloading process, radial strain rate continues change with
the increase of deviatoric stress. Te infuence of two
unloading rate in this study on radial strain rate is discussed
in Section 3.2.

Figure 11 shows the radial strain variation rules of eight
measuring points under two unloading rates. Te variation
trend of the curve refects the deformation of surrounding
rock at diferent locations away from the face due to the

excavation unloading efect. Te results show that there is an
obvious spatial efect during the unloading process, which
was consistent with the research results of Zhao et al. [37]. It
can be found that the surrounding rocks at diferent loca-
tions are afected by the unloading efect to diferent degrees.
At 1∼2 times the hole diameter before the excavation, the
surrounding rock on the cave wall or at the radial depth of
35mm from the cave wall has been slightly deformed. Te
surrounding rocks in this range were not afected by the
unloading rate, and the resulting radial response variable
was essentially the same. Te deformation of the sur-
rounding rock within the diameter of 0 to 1 times hole in
front of the excavation increased signifcantly in the process
of approaching the excavation surface. In addition, the
surrounding rock at the radial depth of 35mm from the
carve wall was afected by unloading rates. Although the
surrounding rock at the cave wall is greatly deformed by the
impact of unloading, it is still not afected by the
unloading rate.

Te surrounding rock excavated at 1∼2 times the hole
diameter behind the excavation surface lost its radial support
force and released a large deformation to the excavation
surface.Te excavation spatial efect of the surrounding rock
far away from the excavation surface was reduced, and the
sufcient release of stress resulted in an increase in de-
formation. Studies have shown that the surrounding rock
deformation was related to the spatial efect of the excavation
surface. In other words, the more signifcant the efect was,
the smaller the radial deformation was. Te testing results
show that the spatial efect of two diferent unloading rates
was diferent in the surrounding rock at diferent radial
depths. Diferent unloading rates had diferent spatial efects
on surrounding rocks at diferent radial depths. Te sur-
rounding rock at the radial depth of 35mm from the cave
wall was continuously afected by the unloading rate, and the
radial deformation of the rapid unloading was less than the
radial deformation of the slow unloading at the same dis-
tance from the excavation surface. Hence, the efect of the
surrounding rock at the radial depth of 35mm from the
inner wall was more obvious, when the unloading rate was
2MPa/s. However, the inner wall rock was more obvious,
when unloading rate was 0.1MPa/s. Tis is an interesting
fnding, and whether it is related to other factors remains to
be studied.

3.2. Infuence of Unloading Rate on Strain Rate. Te strain
increment per unit time is defned as the strain rate, which
can be written as follows:

_εr �
εr − εr
′( 

∆t
, (1)

where εr is radial strain and _εr is radial strain rate. Te larger
the strain rate, the faster the deformation per unit time.

Figure 12 shows the radial strain rate evolution of four
measuring points (gages #3, #4, #7, and #8) ahead of the
excavation face, during the unloading and maintenance
stage. Te radial strain rate varies steadily around 0 value
ahead of the excavation face, during the two unloading rates
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in this study. Moreover, the radial strain rate was higher as
a whole at the unloading rate of 2MPa/s. When the
unloading rate was 0.1MPa/s, note that three points with
high strain rate appeared by accident at the later stage of
unloading, which may be related to the instant dislocation of
positions between particles caused by the expansion of in-
ternal cracks in the specimen itself.

In general, at the position of 1∼2 times the hole diameter
ahead of the excavation face, the radial strain rate of the
surrounding rocks was very small, and the value was basi-
cally the same even if the unloading rate was diferent.
Terefore, it is considered that the unloading rate has little
efect on the radial deformation velocity of surrounding rock
outside the 1 times the hole diameter.
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Figure 9: Radial strain response and cumulative AE hits curves of diferent measuring points for specimens with the unloading rates of
(a) 2MPa/s and (b) 0.1MPa/s under initial confning stress of 20MPa. Note: (a) lasted 10 s in the unloading stage and (b) lasted 200 s in the
unloading stage. Both of them lasted 480 s in the maintenance stage.
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Figure 10: Radial deviatoric stress-strain curves of diferent measuring points for specimens with the unloading rates of (a) 2MPa/s and
(b) 0.1MPa/s under initial confning stress of 20MPa during unloading process. Note: (a) lasted 10 s in the unloading stage and (b) lasted
200 s in the unloading stage.

8 Shock and Vibration



2 MPa/s
0.1 MPa/s

-2 -1 210
x (R)

afer unloading

afer maintaining

0.0

0.2

0.4

0.6

0.8
0.0

0.2

0.4
0.5

ε r (1
0-3

)

(a)

2 MPa/s
0.1 MPa/s

afer unloading

afer maintaining

-2 -1 210
x (R)

ε r (1
0-3

)

1.5

1.0

0.5

0.0
3

2

1

0

(b)

Figure 11: Radial strain law of the surrounding rock at diferent distances from the excavation face. Note: x is the distance from the
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excavation face equate to negative values. (a) Surrounding rock at a radial depth of 35mm from the inner wall and (b) surrounding rock at
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Figure 13 shows the evolution and the goodness ftting
(R2) curves of radial strain rate for four measuring points
(gages #1, #2, #5, and #6) behind the excavation face, during
the unloading and maintenance stage. At the inner wall, the
peak strain rate of the surrounding rock was higher than that
of the radial depth of 35mm from the inner wall, such as the
measuring point strain value of gage #5 and gage #6 which
were larger than that of gage #1 and gage #2, respectively. It
also can be found that the radial strain rate increased frst and
then decreased gradually, during the unloading and main-
tenance stage of the two unloading rates in this study. When
the unloading rate was 2MPa/s, the ftting curves of strain rate
can be divided into two sections. Te strain rate increased
linearly, and reached a peak when the stress was relieved to
30% of the initial confning stress, and then decreased ex-
ponentially and stabilizes around 0 value. However, the ftting
curves of the strain rate can be divided into three sections,
when the unloading rate was 0.1MPa/s. Te strain rate in-
creased linearly, then exponentially reached the peak when
the stress was discharged to 94% of initial confning stress, and
fnally decreased exponentially and stabilized around 0 value.
Te peak value of the strain rate at the unloading rate of
2MPa/s was much higher than that at the unloading rate of
0.1MPa/s. Tis phenomenon was more obvious at the inner
wall rock. Te infuence mechanism of the unloading rate on
radial strain rate is discussed in Section 4.1.

3.3. Infuence of Unloading Rate on Failure Pattern.
Figure 14 shows the photographs of the specimens after
unloading testing. It is clearly seen that failure behaviors
were triggered by a relatively high deviatoric stress. When
the deviatoric stress increased to 20MPa, there was no
macroscopic damage on the specimen (Figures 14(a) and
14(b)). When it increased to 30MPa, the surrounding rock
was squeezed towards the opening apparently, accompanied
with large dilation and volume changes. A large amount of
rock slab and rock slices peeled of from the inner wall
(Figures 14(c) and 14(d)). Tese fragments were collected
and presented in Figure 14(f), characterized by thinner
edges and a thicker middle section, produced at the opening
curved free surface and then fell of. Note that abundant
powders remained on the curve free surface or fell of, which
can be explained to strong friction between the particles
during rock fake peeling. Tis phenomenon, which has also
been observed by other researchers [40], was similar to the
rock blocks that fell of after caving failure and rock burst
in situ feld. By comparison, it is easily found that the
fracture behavior of the specimen in the simulated testing
was similar to the thin wedge bodies generated by rock burst
damage (Figure 14(e)) and bulge deformation of sur-
rounding rocks generated on the roadway wall in the feld
(Figure 14(h)). In addition, the failure was more violent, and
the rock fragments at inner wall were appeared with larger
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Figure 12: Radial strain rate of four measuring points ahead of the excavation face from the unloading tests for specimens with the
unloading rates of (a–d) 2MPa/s and (e–h) 0.1MPa/s under initial confning stress of 20MPa. Note: (a–d) lasted 10 s in the unloading stage
and (e–h) lasted 200 s in the unloading stage. Both of them lasted 480 s in the maintenance stage.
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volume (Figure 14(g)), at the unloading rate of 2MPa/s.
Zhao et al. investigated that, the failure mode of rectangular
prismatic granite specimen showed a transition from strain
bursting to spalling during the true-triaxial unloading
process, at the unloading rate of 0.05MPa/s. When the
deviatoric stress was induced to 0.025MPa/s, the rock failure
was dominated by spalling [41]. Unfortunately, in this study,
we were unable to acquire the visualization of cracking
during unloading, because the high-speed camera cannot be
used in oil. So, the AE was adopted to investigate the failure

mechanism and damage intensity of the specimens at two
unloading rates in Section 3.4.

3.4. Infuence of Unloading Rate on AE Characteristics.
Figure 15 shows the characteristic of the AE hits during the
whole test which included the following four stages: initial
loading stage, maintenance stage, unloading stage, and
maintenance stage after unloading. (a) In the initial loading
stage, AE hits experienced a steady increase under the
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Figure 13: Radial strain rate of four measuring points behind the excavation face from the unloading tests for specimens with the unloading
rates of (a–d) 2MPa/s and (e–h) 0.1MPa/s under initial confning stress of 20MPa. Note: (a–d) lasted 10 s in the unloading stage and (e–h)
lasted 200 s in the unloading stage. Both of them lasted 480 s in the maintenance stage.
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Figure 14: (a–d) Photographs of the inner wall with the unloading rates of 2MPa/s and 0.1MPa/s under initial confning stress of 20MPa
and 30MPa. Comparison of failure fragments in the feld and tests: (e) rockburst fragments of Jinping hydropower station [38], (f, g) failure
fragments of unloading test, and (h) the face of the test tunnel [39].
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Figure 15: Evolution of AE hits in a whole tests process for specimens with the unloading rates of (a) 2MPa/s and (b) 0.1MPa/s.
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circumstances of a persistent stress increasing and nearly
reached the peak at the end of loading (point A in
Figures 15(a) and 15(b)). Te original microcracks and
microholes in the specimen were closed due to the loading
adjustment, which was also observed from true-triaxial
unloading tests [41]. (b) In the maintenance stage, the AE
hits decreased rapidly and remained at a low level, as the
density of AE hits descended. (c) In the unloading stage and
maintenance stage after unloading, AE hits sharply increased
to a certain high point B, and then decreased exponentially,
as shown in Figure 15. Apparently, at unloading rate of
2MPa/s, AE hit of point B was approximately 249×103
(Figure 15(a)). It was approximately 19×103 (Figure 15(b))
at the unloading rate of 0.1MPa/s, far less than that of
2MPa/s. Subsequently, the next relative high point C
appeared after several discontinuous quiet periods at 871 s
(maintenance stage after unloading), and had a value of
approximately 149×103 (Figure 15(a)) at the unloading rate
of 2MPa/s. However, when the unloading rate was 0.1MPa/
s, it was approximately 17×103 (Figure 15(b)) at 836 s
(unloading stage). Finally, the AE hits dropped intensively
and showed a slow climbing trend. Tis means that there is
still an active period of AE after unloading stage under rapid
unloading condition, which is the rapid development period
of the crack. Note that AE hits shows that AE events slightly
lag behind strain rate changes, but their trend is consistent.

Te frequency domain information is obtained by per-
forming a fast Fourier transformation (FFT) method on the
AEwaveform data during the whole testing process. Figure 16
shows the amplitudes and peak frequency distribution of two
unloading rates, which can be used to provide additional
quantitative information about the unloading testing. As
presented in Figure 16, AE signals were characterized by
a dense frequency-amplitude distribution. It is seen that the
amplitude and peak frequency were distributed in a certain
range (65–120 dB, 0–400 kHz) during the testing process
under diferent unloading rates. High unloading rate led to
higher amplitudes and wider frequency band. It is clear that
the amplitude value of the low frequency (<200 kHz) is much
larger than that of the high frequency (>200 kHz) from the
frequency-amplitude distribution point in Figure 16. AE
events occurred primarily in twomain frequency bands below
200 kHz, including a range of 40–100 kHz and another range
of approximately 140–190 kHz.

Figure 17 shows the damage evolution in the four stages
with the unloading rates of 2MPa/s and 0.1MPa/s under
initial confning stress of 20MPa. (a) In the initial loading
stage, the damage gradually increased and the growth rate
quickened. (b) In the maintenance stage, the damage in-
creased slowly and the growth rate decreased. (c) In the
unloading stage, the damage grew faster. Te damage growth
rate at a discharge rate of 2MPa/s was higher than that at
a discharge rate of 0.1MPa/s. Tis phenomenon was more
pronounced under the action of high-altitude stress. (d) In the
maintenance stage after unloading, the damage and the ratio
of the damage continue to increase. Te increase of the initial
confning stress led to a high damage growth rate at this stage.
As a result, the amount of damage generated at this stage
accounted for more than 55% of the total damage under rapid

unloading rates. In general, the damage evolution law of two
unloading rates was basically the same under the condition of
relatively low local stress (20MPa), and there was no de-
struction after unloading (Figures 14(a) and 14(b)).

4. Mechanisms of Fracture: Insights fromStrain
Rate and AE

4.1. Insight from Strain Rate. Strain rate can directly refect
the speed of deformation per unit time and indirectly refect
the friction between particles in the specimen and the in-
tensity of spatial relative position change [42]. Te radial
strain rate shows disparate characteristics under two
unloading rates.Te larger the unloading rate was, the larger
the radial strain rate was. At the initial unloading, the
deviatoric stress was small, and the initial radial strain rate of
the two unloading rates was also small. As the deviatoric
stress increased, the original crack was expanded, and the
friction efect of particle was strengthened. When the
unloading speed was fast, large microcracks instead of small
microcracks were produced in a short time and large relative
displacement of particles appeared, which resulted in severe
rubbing. When the critical failure value is reached, the
particles were thrown. Subsequently, the increment of dis-
placement between large cracks decreased, and small cracks
gradually formed. When the unloading rate was low, a long
time was used to conduct a stress adjustment, and micro-
cracks continued to initiate, interact, and propagate. As
a result, when the unloading rate was 2MPa/s, the peak value
of the strain rate appeared earlier and the value was larger.
However, when the unloading rate was 0.1MPa/s, the peak
value of the strain rate appeared later and the value was
smaller.

4.2. Insight from AE Characteristics. During the testing
process, a large number of AE signals will be generated
along with the vibration, compression, shear, and
breakage of the surrounding rock. AE signals are quite
sensitive to material cracks and damage events and can
refect the inner damage inside the specimen [41], making
up for the shortcomings of other monitoring ways. Te
number of AE hits is correlated with the number of cracks
in the specimen [43]. Furthermore, studies have shown
that AE hits not only can refect the characteristics of rock
materials in peak phase, but also can refect that of the
initial compression and elastic stage well [44]. Hence, the
AE hits can be used to investigate the cracking activities
during unloading process.

Figure 18 shows the evolution characteristics of damage
during the whole testing process under initial confning
stress of 30MPa. It can be seen from Figures 17 and 18 that
the law of damage variable changes will be afected by the
confning stress and unloading rate. Obviously, under the
same stress conditions, the unloading stage produced
a greater amount of damage when the unloading speed was
faster. At the same unloading rate, the greater the ground
stress, the greater the amount of damage generated during
the unloading stage.
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Figure 19 shows the variation curves of cumulative AE
hits under confning stress conditions of 30MPa. Although
the initial confning stresses were diferent, the evolution
characteristics of AE hits were similar for the same
unloading rates. Te cumulative AE hits at confning stress
of 30MPa were signifcantly higher than that at confning
stress of 20MPa. When the axial, internal, and external
loading reached 20MPa, the curves of four specimens co-
incided, and the cumulative AE hits were almost the same
(Figure 19(a)). It is indicated that the specimens were
characterized by low dispersion degree and high consistency.

Figure 19(b) shows the increment of AE hits at
unloading stage. AE hits experienced a nearly steady increase
until a sharply increase period, followed by a steady increase
when the unloading rate was 2MPa/s. However, AE hits
maintained a constant rise during the unloading process,
when the unloading rate was 0.1MPa/s. When the confning

stress was 20MPa, the increments of cumulate AE hits for
two unloading rates in this stage were almost the same,
though the slope of cumulative AE hits curve were diferent
clearly. However, there was a great diference, when the
confning stress was 30MPa. Tis reveals that under high
in situ stress condition, the adjustment of unloading rate has
a signifcant efect on the number of internal cracks in the
specimen.

After unloading, as shown in Figure 19(a), cumulative
AE hits growth rate was slightly lower than the unloading
stage at frst, and then continued to increase rapidly. Tis
phenomenon was more obvious at the initial confning stress
of 30MPa. Especially under the condition of the unloading
rate of 2MPa/s, cumulative AE hits after unloading testing
was even increased to 2500×105. Damage and failure degree
of corresponding specimen was also more serious
(Figure 14(c)). Tis indicates that microcracks in the
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Figure 16: Peak frequency-amplitude distributions for specimens with the unloading rates of (a) 2MPa/s and (b) 0.1MPa/s.
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Figure 17: (a, b) Te evolution characteristics of damage in a whole tests process for specimens with the unloading rates of 2MPa/s and
0.1MPa/s under initial confning stress of 20MPa.
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specimen continued to generate, propagate, interact, and
coalesce into macrofractures, which caused the deformation
of the surrounding rock.Tismay be explained why rockburst
would occur in a period of time after unloading at a relatively
fast unloading rate, which have been observed by numerical
simulation [45] and laboratory experiments [41, 46].

Under the same testing conditions, the strain energy
stored in specimens is same basically before failure under the
same confning stress. When the initial confning stress
climbs to 20MPa, the strain energy stored in the sample is

lower. During the unloading process, the radial expansion
consumes part of the strain energy, and the accumulated
strain energy in the wall rock is not enough to produce
damage. When the initial confning stress increases to
30MPa, the accumulated energy increases. Under the
condition of rapid unloading, the stress adjustment is not
sufcient and the elastic strain energy accumulated in the
specimen is not fully released in time. After unloading,
under the continuous action of axial and external stress, the
surrounding rock continues to be afected by the excavation
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Figure 18: (a, b) Te evolution characteristics of damage during the whole testing for specimens with the unloading rates of 2MPa/s and
0.1MPa/s under initial confning stress of 30MPa.

3000

2500

2000

1500

1000

500

0

cu
m

ul
at

iv
e A

E 
hi

ts 
(1

05 )

0 200 400 600 800 1000 1200 1400 1600
Time (s)

600
500
400
300
200
100

0A
E 

hi
ts 

in
cr

em
en

t (
10

5 )
A

E 
hi

ts 
in

cr
em

en
t (

10
5 ) 7

6
5
4
3
2
1
0

0 4 8 12 16 20
p0-p1 (MPa)

0 5 10 15 20 25 30

30 MPa

30 MPa

20 MPa 20 MPa

loading (0.1 MPa/s)
loading (2 MPa/s)
maintaining (0.1)
maintaining (2)

unloading (0.1)
unloading (2)
maintaining (0.1)
maintaining (2)

(a) (b)

Figure 19: AE signals: (a) AE hits signals during the whole testing process for specimens with the unloading rates of 2MPa/s and 0.1MPa/s
under initial confning stress of 20MPa and 30MPa and (b) AE hits signals for unloading stage with the unloading rates of 2MPa/s and
0.1MPa/s under initial confning stress of 20MPa and 30MPa.
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unloading efect. Te continuous formation and conver-
gence of fractures lead to the decrease of energy storage
capacity. Spalling, ejection, and throwing will occur when
the residual elastic strain energy is greater than the kinetic
energy needed for rock blocks to leave the matrix. In
contrast, when the unloading rate is slow, the strain energy
release time increases, and cracks develop gradually.

Although the testing system cannot achieve a three-
dimensional unequal stress state really, this testing has
obtained interesting research results under special (three--
way equal) stress states, which are of great signifcance for
continuing to study the mechanical response and AE re-
sponse of excavation surrounding rock under diferent
environmental and coupling conditions. Te excavation
unloading in deep excavation belongs to the gradual
unloading in stages, which is difcult to simulate in the
laboratory [47]. At present, few experimental systems can
simulate the step-by-step excavation of roadway in three-
dimensional stress state. Further research is expected to
improve the function of the system to be closer to the actual
stress environment.

5. Conclusions

A new type of tunnel excavation unloading model testing
system was successfully constructed, and the deformation,
failure response, and AE behavior of PHTWC cement
mortar specimens at diferent unloading rates were pre-
liminarily studied by combining AE system and strain
monitoring system. According to the testing results, the
following conclusions can be drawn.

Tensile deformation of cement mortar surrounding rock
specimen caused by unloading is greatly afected by
unloading rate. Te total radial deformation increases with
the increase of the unloading rate. Te amount of de-
formation behind the face is signifcantly higher than that in
front of the face, and the radial strain increases with the
increase of the distance from the surface within the range
afected by unloading. Furthermore, the surrounding rock of
the inner hollow free sidewalls might be more susceptible to
the unloading efect.

Te unloading rate has a little efect on the radial strain
rate of the surrounding rock in front of the face, but has
a substantial efect on the radial strain rate behind the ex-
cavation surface. When the unloading rate is 2MPa/s, the
ftting curves of strain rate can be divided into two sections.
Te strain rate increases linearly and reaches a peak when the
stress is relieved to 30% of the initial confning stress, and
then decreases exponentially and stabilizes around 0 value.
At the unloading rate of 0.1MPa/s, the ftting curves of the
strain rate can be divided into three sections. Te strain rate
increases linearly, then exponentially reaches its peak when
the stress is discharged to 94% of initial confning stress, and
fnally decreases exponentially and stabilizes around 0 value.
Te peak value of strain rate at the unloading rate of 2MPa/s
is much higher than that at the unloading rate of 0.1MPa/s.

Te severity of the failure range increases with the in-
crease of unloading speed. Surrounding rock expanded to
the inner hollow, leading to the reduction of the hole

diameter of the specimen after the whole unloading test. A
large number of rock slices are generated at the opening
curved free surface and then fell of, whose morphology is
similar to the rock blocks that fell of after caving failure and
rock burst in situ feld.

From AEmonitoring results and testing results, it can be
seen that the increasing initial stress and unloading rate will
aggravate the damage degree of the specimen. Relatively
high bias stresses can trigger the failure behavior of rock
specimens, and the damage is prone to appear on the inner
surface of the specimens under high confning pressure. AE
hits indicate that the faster the unloading rate is, the more
severe the damage degree of the specimen is. Under high
in situ stress condition, the adjustment of unloading rate has
a signifcant efect on the damage accumulation and crack
development in the specimen.

Symbols

σz: Axial stress
σ0: External confning stress
σ1: Internal confning stress
εr: Radial strain
_εr: Radial strain rate
E: Young’s modulus
]: Poisson’s ratio
ρ: Density.

Abbreviations

AE: Acoustic emission
PHTWC: Partial hollow thick-walled cylinder
TWC: Tick-walled cylinder
CS: Compressive strength.
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