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A B S T R A C T

To explore the evolution process and failure characteristics of rockburst in rock masses with a double free surface
structure, we conducted a comparative study between true triaxial double-face rapid unloading rockburst tests
and single-face rapid unloading rockburst tests, using a true triaxial experimental system capable of rapid
unloading from multiple faces. The main conclusions are as follows: the maximum ejection velocity of double-
free surface rockburst fragments is higher than that of single-free surface rockburst (20 %–40 %), and the
rockburst ejection duration is generally longer than that of single-free surface rockburst; the peak stress of
double-free surface rockburst is smaller than that of single-free surface rockburst, but there will be a more
obvious unloading platform stage during unloading. Compared with single-surface unloading rockburst, double-
surface unloading is more likely to cause significant brittle failure and violent rockburst; the AE events of single-
free surface rockburst are concentrated near one free surface, while the AE events of double-free surface ex-
periments are distributed near two free surfaces. In the later stage of both rockburst experiments, the number of
shear cracks will exceed that of tensile cracks. The extra free surface of double-free surface rockburst will
enhance crack extension, especially shear cracks, resulting in more serious rock damage.

1. Introduction

Rockbursts and coalbursts are common dynamic disaster phenomena
in deep rock mass engineering, closely associated with the rapid release
of high elastic strain energy stored within the rock mass [1,2]. In recent
years, with the continuous development of underground engineering in
deep-buried rock masses, the problem of rockbursts has become
increasingly prominent, emerging as a critical research focus in the field
of rock mechanics and engineering [3,4]. Consequently, rockburst in
deep rock mass engineering has become a pressing and challenging issue
in rock mechanics and a significant scientific and technological problem
requiring urgent resolution [5]. Moreover, deep underground engi-
neering often contains a large number of double-free-face rock mass

structures. For instance, the sidewalls of tunnels or roadways, and the
roof and sidewalls of underground caverns in hydropower stations
typically form double-free-face rock configurations. Under high-stress
conditions, these structures may result in stronger stress concentra-
tions, thereby increasing the likelihood of triggering rockburst disasters.
Since 2006, He et al. first reproduced the dynamic rockburst failure

phenomenon in a laboratory setting using a self-developed true triaxial
experimental system capable of rapid unloading, and true triaxial
rockburst simulation experiments have gradually become an essential
tool for studying rockburst mechanisms [6,7]. Selahattin [8] used this
experimental system to investigate the influence of thermal damage on
strainbursts, calculating the ejection kinetic energy from the rockburst
debris velocity on the free face of granite specimens. The study revealed
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that rockburst intensity first decreased and then increased with growing
thermal damage. Su et al. [9] utilized a self-developed true triaxial
rockburst system capable of one-sided rapid unloading to monitor
acoustic signals during the rockburst process, analyzed the sound signal
indicators related to brittle failure in different rock types, and proposed
an intensity evaluation index for rockbursts based on acoustic signals.
Wang et al. [10] conducted true triaxial single-sided unloading rock-
burst experiments and used moment tensor inversion to analyze fracture
distribution. Ren et al. explored the relationship between internal coal
temperature, stress, and fractures, and derived an equation describing
stress-induced temperature changes, validated using thermodynamic
parameters. Ren et al. [11] conducted borehole unloading experiments
in coal samples to investigate the effectiveness of different borehole
types in rockburst prevention and control. Liu et al. [12] performed true
triaxial one-sided unloading tests on granite specimens with various
borehole configurations, analyzing the rockburst prevention mechanism
and the influence of borehole number on rockburst intensity from both
mechanical behavior and energy evolution perspectives. Li et al. [13]
conducted true triaxial one-sided rapid unloading experiments, studied
the critical AE characteristics during the rockburst process, and identi-
fied precursory signals based on the critical slowing-down theory. To
explore the influence law and mechanism of different bedding in-
clinations on impact rockburst, Liu et al. [14] used the self-developed
true triaxial impact rockburst test equipment to conduct a series of
impact rockburst tests on sandstone specimens with five different
bedding inclinations. The test process was monitored and recorded in
real time using a micro camera device and an AE monitoring system.
Qian et al. [15] adopted a physical simulation method for spontaneous
rockbursts, developed a multi-source information monitoring system
with millisecond resolution to capture the transient dynamic behavior of
rockbursts, analyzed the instantaneous static-dynamic transition pro-
cess, and explored the spontaneous mutation mechanism of rockbursts
from the perspectives of mechanics and energy. The above studies have

conducted a substantial amount of meaningful research on simulating
single free surface rockbursts using true triaxial experiments. However,
experimental investigations on rockbursts involving dual free surfaces
remain relatively limited. This is particularly noteworthy given the
increasing prevalence of dual free surface rock mass structures in deep
underground engineering, such as at tunnel intersections, exposed ends,
arch-wall junctions, and chamber separation zones. Given the increasing
prevalence of double-free-face rock structures in underground rock en-
gineering, it is imperative to conduct systematic experimental in-
vestigations to explore their failure characteristics and catastrophic
evolution processes.
Firstly, this study conducted true triaxial rockburst simulation ex-

periments under single-sided and double-sided rapid unloading condi-
tions based on the actual stress transition paths of surrounding rock units
in deep rock masses, then analyzed the failure characteristics and ejec-
tion velocities of rockbursts under double-free-face conditions, subse-
quently compared the stress–strain responses of single-free-face and
double-free-face rockbursts, finally, explored the AE localization pat-
terns and fracture evolution characteristics under both structural con-
ditions. This research provides a scientific basis for the support design of
dual free surface rock mass structures, the optimization of pressure relief
schemes, and the deployment of multi-point monitoring systems, aiming
to achieve early warning and effective control in high-risk areas.

2. Experimental procedures

2.1. Experimental equipment and samples

The experimental setup employed a true triaxial rockburst simula-
tion apparatus capable of independently applying three principal
stresses and precisely controlling complex stress paths, as shown in
Fig. 1a. The core structure comprises three orthogonally arranged servo-
controlled hydraulic loading systems, including a high-stiffness frame,

Fig. 1. True triaxial test equipment and sandstone specimens.
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three-directional independent loading actuators, and a rapid dual-free-
face unloading device. In the rockburst unloading experiment, the
maximum unloading rate of this system can reach 200 MPa/s.
During the true triaxial rockburst simulation tests, the sample is

subjected to full triaxial confinement up to the initial in-situ stress level.
Subsequently, a rapid unloading is applied in the Y direction to create
dual free surfaces, thereby simulating the excavation-induced dual-free-
face rock mass structure, as illustrated in Fig. 1b. Standard cubic sand-
stone specimens with dimensions of 150 mm were used, with dimen-
sional tolerances controlled within ±0.3 mm through precision cutting,
as shown in Fig. 1c. The uniaxial compressive strength of the sandstone
cylindrical specimen is about 90MPa, the elastic modulus is 56 GPa, and
the Poisson's ratio is about 0.12, which is a high-strength homogeneous
sandstone. Fig. 1d presents a post-failure photograph of a specimen
subjected to dual-free-face rockburst testing. During specimen installa-
tion, the parallelism between the three loading plates and the specimen
surfaces was carefully maintained. A high-speed camera was positioned
on the free face side to capture real-time surface damage evolution
during the rockburst process. In addition, the experimental system was
equipped with a PAC Micro-II acoustic emission monitoring system,
featuring a maximum sampling rate of 40 Msps and Nano-30 sensors for
signal acquisition.

2.2. Experimental simulation method and loading path

Prior to excavation, deep intact rock is typically subjected to a three-
dimensional stress state. After excavation, the creation of one or two free
surfaces results in a redistribution of the surrounding rock stress. The
tangential stress around the newly formed free surface increases, while
the radial stress diminishes and eventually drops to zero. When the
concentrated tangential stress exceeds the strength of the rock, a rock-
burst is triggered. Fig. 2 illustrates the loading paths of true triaxial
rockburst simulation tests for rock masses with single and double free
surfaces.
Initially, all three principal stresses are simultaneously applied to

simulate the in-situ stress conditions of the original rock (σ1 = 120 MPa,
σ2 = 60 MPa, and σ3 = 30 MPa). After holding the load for a period to
ensure stress stabilization within the rock specimen, σ3 is rapidly
unloaded to simulate excavation-induced stress release. For the double
free surface rockburst simulation, both loading forces in the σ3 direction
are unloaded simultaneously. For the single free surface case, only one
loading force (σ31) is rapidly unloaded while the other (σ32) is main-
tained at a nearly zero but stable value. Following unloading, σ2 remains
constant, and σ1 is subsequently increased to simulate stress concen-
tration until rockburst occurs. In this study, two sets of experiments were
conducted: single-sided unloading rockburst experiments and double-

sided unloading rockburst experiments, with three tests performed in
each set. The simulations of single and dual free surface rockbursts were
carried out under stress-controlled loading, with a loading rate of 2 kN/
s.

3. Experimental results and analysis

3.1. Rockburst damage characteristics and ejection speed

High-speed imaging technology was employed to observe the dy-
namic failure characteristics of rockburst under double free surface
conditions, with a frame rate of 1000 frames per second (fps). Fig. 3
presents a typical ejection failure process of rockburst induced by
double-surface unloading. Each specimen contains two free surfaces,
denoted as free surface 1 and free surface 2. The numbers shown below
each image indicate the corresponding time of the observed phenomena,
expressed in the format h:m:s:ms (hour:minute:second:millisecond). As
shown in Fig. 3, due to the anisotropic nature of the rock, the ejection
processes at the two free surfaces are not completely identical, and there
exists a time lag between the occurrences of full-scale spalling. The
trajectories of the rockburst fragments exhibit a downward parabolic
path, and the fragments are predominantly laminar in shape.
To quantify the ejective velocity of rockburst fragments in both

experimental conditions, the particle image velocimetry (PIV) tech-
nique, commonly used in flow field characterization, was applied to
measure the fragment ejection velocities [16]. The variation curves of
the average surface velocity for single-surface and double-surface
unloading rockburst events are shown in Fig. 4. As illustrated, under
both single and double free surface conditions, the ejective velocity
exhibits a general trend of gradual increase followed by attenuation.
However, the peak velocity and duration of ejection under double free
surface conditions are significantly higher than those under single sur-
face conditions.
Specifically, in the double free surface scenario (black and red

curves), a relatively small initial velocity peak appears, followed by a
more pronounced peak occurring around 100–200 ms, with maximum
velocities exceeding 4 m/s. Additionally, the attenuation phase lasts
longer. In contrast, the single free surface condition (blue curve) shows a
lower peak velocity (generally below 3 m/s) and an earlier onset of
decay. Statistics on the maximum ejection velocities of the two groups of
rockburst experiments showed that the maximum ejection velocity of
double-free rockburst was 20 %–40 % higher than that of single-sided
rockburst. These results indicate that the presence of two free surfaces
enhances and prolongs the kinetic energy release during the rockburst
process, resulting in higher surface ejection velocities and extended
duration.

3.2. Stress-strain response characteristics

The stress–strain curves obtained from the two types of rockburst
experiments (Fig. 5) reveal that both single-free-face and double-free-
face rockbursts exhibit a distinct sequence of mechanical responses,
including an initial compaction stage of pre-existing microcracks, an
elastic deformation stage, a rapid unloading plateau, a yield stage, and a
post-peak stress drop stage. During the elastic deformation stage, both
the single-free-face (black curve) and double-free-face (blue curve)
rockbursts show a similar increasing trend. However, the single-free-
face rockburst reaches a higher peak stress of approximately 190 MPa.
In contrast, the double-free-face specimens exhibit a slightly lower
maximum stress of around 180 MPa, yet demonstrate a more pro-
nounced unloading plateau during the unloading phase.
As shown in Fig. 5, the elastic energy stored within the rock under

dual free surface conditions is lower than that in single free surface
rockburst conditions. However, this energy is released more promi-
nently near the peak stress. Therefore, when dual free surfaces are
present, the area over which energy is released upon reaching the

Fig. 2. True triaxial single free surface and double free surface rock burst
loading paths.
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Fig. 5. Stress-strain curves of two rockburst experiments.

Fig. 3. Ejection characteristics of rockburst fragments from double free surfaces.

Fig. 4. Average ejection velocity of debris in two rockburst experiments.
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storage limit is larger than in single free surface scenarios, and the rate of
energy release during a rockburst is higher. As a result, the rock is more
prone to significant brittle failure and intense rockburst phenomena.
High-speed camera footage of the rockburst damage indicates that dual
free surfaces are more likely to trigger violent rockbursts and the
unloading effect during the fast unloading is more pronounced.

3.3. AE characteristic evolution

3.3.1. AE events and AE location
AE, as a commonly used dynamic non-destructive testing technique,

enables real-time and continuous monitoring of fracture locations dur-
ing the rockburst incubation process in sandstone under external
loading, and can determine the spatial coordinates of AE sources
[17–19]. During the loading process, an AE event is recorded when the
acoustic emission signal exceeds the acquisition threshold set in the
experiment. Fig. 6 presents the time series characteristics of the AE
count rate and cumulative AE counts for single-free-face and
double-free-face rockburst specimens, respectively, under true triaxial
loading and unloading conditions.
According to Fig. 6, the entire evolution process can be divided into

three stages: (1) silent linear elastic deformation stage (Stage 1), (2) AE
growth stage (Stage 2), and (3) AE-active rockburst stage (Stage 3). In
Stage 1, both specimens exhibit a linear elastic response with very low
AE event rates, while the AE event rate and cumulative count are slightly
higher under double-face unloading conditions. At the moment of
unloading, a brief AE pulse is observed in both cases; however, the
sudden surge of AE events under double-face unloading is significantly
greater than that under single-face unloading, indicating that double-
face unloading under high confining pressure more easily triggers
microcrack propagation. In Stage 2, the AE growth rate is higher for the
double-face unloading specimen compared to the single-face one. In
Stage 3, both the peak AE rate and the cumulative number of AE events
under double-face unloading conditions are markedly higher than those
observed under single-free-face rockburst. This comparison suggests
that double-face rockburst not only initiates more microcrack activity at
an earlier stage but also releases greater fracture energy in the subse-
quent stage, thereby accelerating and intensifying the rockburst process.
The localization of AE events enables the determination of damage

and fracture locations, providing an effective means to investigate the
dynamic evolution of microcrack initiation and propagation within rock
specimens [20,21]. In this study, the spatial coordinates of AE sources

Fig. 6. AE count rate-time curve.
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were calculated based on the time-difference localization principle. By
observing both the front and top views of the specimen after rockburst

failure under double-free-face conditions (Fig. 7), the failure pattern can
be roughly divided into two main parts: a single through-going crack on

Fig. 7. AE event distribution of double free surface rockburst.

Fig. 8. AE spatial localization segmented evolution diagram of two rockburst experiments.
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the left side (highlighted by the yellow ellipse) and another on the right
side (highlighted by the green ellipse). As shown in Fig. 7b, the AE
events are densely distributed in the yellow and green regions corre-
sponding to the observed cracks. Additionally, a cluster of AE events is
also evident near the free surface of the specimen where failure
occurred.
Based on the AE event localization evolution diagrams from the

single free-face and double free-face rockburst experiments (Fig. 8),
significant differences in the evolution processes between the two
experimental conditions are observed. In the single free-face rockburst
experiment, the evolution process is relatively straightforward. During
the initial stage, AE events are sparse and scattered, primarily distrib-
uted near the free surface, indicating the initial formation of microcracks
within the rock. As the experiment progresses, the number of AE events
increases and begins to cluster near the free surface, suggesting crack
propagation and stress concentration. Ultimately, at the moment of
rockburst, AE activity surges sharply, forming a prominent cluster in the
central part of the specimen.
In contrast, the evolution process in the double free-face rockburst

experiment is more complex. Initially, AE events are also sparse but are
distributed around both free surfaces, indicating simultaneous micro-
crack initiation near both boundaries. As the loading continues, AE
events become concentrated around both free surfaces, reflecting bidi-
rectional crack propagation and a more intricate stress field, accompa-
nied by intensified AE activity. At the onset of rockburst, AE events peak
near both free surfaces, resulting in two distinct clustering regions,
indicative of more violent failure induced by the influence of the dual
free surfaces. Comparative analysis reveals that AE events in the single
free-face experiment are mainly concentrated near one free surface, with
a more localized failure pattern. In contrast, AE events in the double
free-face experiment are distributed near both free surfaces, showing a
more dispersed failure mode and higher AE intensity. This difference is
attributed to the more intense energy release caused by the presence of
two free faces.

3.3.2. AE crack evolution characteristics
The spectral parameters of AE signals exhibit distinct characteristics

corresponding to different types of microcrack formation [22]. AE sig-
nals with high average frequency (AF) and low rise time/amplitude ratio
(RA) are typically associated with the initiation of tensile microcracks,
whereas those with low AF and high RA values are indicative of shear
microcrack formation [17]. In this study, AE signals recorded during the
two types of rockburst experiments were analyzed to calculate their RA
and AF values, from which RA–AF scatter plots were generated. Sub-
sequently, K-medoids clustering analysis was performed [23–25],
effectively classifying the AE events into two distinct groups [26].
K-medoids clustering is a classification method in the statistical field. It

does not require the discriminant criteria to be known in advance. It can
directly classify the original variables by the similarity between sample
points, so it can be used for RA-AF association analysis. Fig. 9 presents
the RA–AF scatter distributions of AE signals obtained from the single
free-face and double free-face rockburst experiments in sandstone.
Based on the quantitative evolution patterns derived from the RA–AF

distribution of acoustic emission (AE) signals, the types of microcracks
were classified over time during the rockburst processes. For both types
of rockburst experiments, the number of AE events corresponding to
tensile and shear cracks was counted at regular time intervals, and the
ratio of tensile to shear cracks was calculated accordingly. The results
are presented in Fig. 10. The AE-derived crack evolution diagrams reveal
significant differences in the crack development processes between the
single free-face and double free-face rockburst experiments over the
time interval of 0–3000 s. In the single free-face rockburst experiment,
during the initial stage (0–1000 s), both tensile and shear cracks
developed slowly, with event counts remaining below 200. In the middle
stage, crack growth accelerated, with shear cracks exhibiting a steeper
increase. In the later stage (1500–3000 s), shear cracks became domi-
nant, ultimately reaching approximately 700, while tensile cracks
peaked at around 400. In contrast, the double free-face rockburst
experiment exhibited a more intense crack evolution. In the initial
phase, both tensile and shear cracks increased slowly, but between 1000
and 1500 s, shear cracks accelerated markedly with a steeper growth
slope. In the later stage (1500–3000 s), shear cracks continued to grow
rapidly, ultimately approaching 900 events, while tensile cracks stabi-
lized at approximately 500.

Fig. 9. RA-AF distribution.

Fig. 10. Curves of the number of tension and shear cracks changing with time
in two rockburst experiments.

J. Li et al. Geohazard Mechanics 4 (2026) 21–28

27



Comparative analysis indicates that the total number of cracks,
particularly shear cracks in the double free-face experiment, was
significantly higher than in the single free-face case. Moreover, in both
experiments, the number of shear cracks exceeded that of tensile cracks
during the 1500–2000 s interval. These results suggest that the presence
of an additional free surface in the double free-face configuration
enhanced crack propagation, especially accelerating the development of
shear cracks, thereby leading to more severe damage. Conversely, the
crack evolution in the single free-face experiment was more directional
and gradual.

4. Conclusions

This study simulated rockbursts with dual free surfaces using a true
triaxial experimental system. By comparing them with single free sur-
face rockburst experiments, the evolution process and failure charac-
teristics of dual free surface rockbursts were investigated. The main
conclusions are as follows:

(1) Dual free surface rockbursts are more intense than single free
surface rockbursts. The maximum ejection velocity of rock frag-
ments in dual free surface rockbursts is 20 %–40 % higher than
that in single free surface rockbursts. Moreover, the overall
duration of ejection is longer. Due to the anisotropy of the rock,
the ejection velocities from the two free surfaces differ.

(2) The peak stress of dual free surface rockbursts is lower than that
of single free surface rockbursts due to reduced confining pres-
sure. However, a more pronounced unloading plateau stage is
observed during unloading. Compared with single-sided
unloading, dual-sided unloading tends to cause more significant
brittle failure and intense rockburst phenomena.

(3) Compared with single free surface rockbursts, dual free surface
rockbursts induce more microcrack activity at an earlier stage
and release higher rupture energy in the later stages. AE events in
dual free surface experiments are mainly distributed near the two
free surfaces, showing a more dispersed failure mode and higher
activity intensity. The additional free surface in dual free surface
rockbursts enhances crack propagation, especially shear cracks,
leading to more severe sandstone damage after the rockburst.
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