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Abstract
The prediction of instantaneous strain-structural-plane slip rockbursts in deep-buried hard rock tunnels is a complex prob-
lem needing to be solved. An engineering case with a burial depth of 2375 m was taken for in situ testing. The structural 
plane distribution in surrounding rock was visualized, and the dominant influence of structural planes in the formation of 
rockbursts was discussed. Results showed that when the sidewall of tunnel is parallel to the structural plane developed in the 
surrounding rock or intersects the structural plane at a small angle (less than 30°), the instantaneous strain-structural plane 
slip rockburst risk is higher and the dominant position of structural plane is obvious. The evolution of rock mass fractures in 
rockburst-affected zones is demonstrated by the expansion of primary fractures, and no new fractures are generated. Differ-
ent distributions of structural plane in surrounding rock provide different energy accumulation environments for rockburst 
incubation. The results offer a reference to the rockburst estimation and prediction, which has important theoretical value 
and engineering significance.
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Introduction

A rockburst is a dynamic phenomenon, in which the elastic 
strain energy accumulated in an underground engineering 
rock mass is released suddenly under excavation or other 

external disturbance, resulting in the bursting and ejection 
of the rock mass. As reported, a rockburst is characterized 
by suddenness, randomness, and danger (Fan et al. 2019; Du 
et al. 2020; Sepehri et al. 2020). Panic accompanies the pro-
gress of a rockburst, because they are difficult to predict, so 
often cause casualties, which seriously affect the construc-
tion of deep underground engineering works. Therefore, the 
establishment of a rockburst prediction and early warning 
system is a focus of much research into deep underground 
engineering (Song et al. 2017).

A series of rockburst prediction and early warning meth-
ods have been developed in the long-term practice of under-
ground engineering (Zhou et al. 2018; Wang et al. 2018, 
2020; Hu et al. 2020; Sainsbury and Kurucuk 2020; Kuang 
et al. 2021; Yu et al. 2020). The methods fall into two cate-
gories: single-factor criteria and multi-factor comprehensive 
criteria. The former includes various indicators proposed 
by scholars, such as elastic deformation energy index Wet, 
rock brittleness index Ku, linear elastic energy We, energy 
storage and consumption index K, stress index S, rockburst 
strength coefficient W, surrounding rock type, Russense cri-
terion (Russenes 1974), and rockburst risk index (Dou et al. 
2012). Multi-factor comprehensive criteria take more than 
two influencing factors into consideration simultaneously, 
for example, a microseismic method, established by Feng 
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et al. (2015) for dynamic warning of rockburst development 
processes, and the rockburst tendency index RIV as estab-
lished by Qiu et al. (2011), consider the stress control factor, 
a petrophysical property factor, rock mass system stiffness 
factor, and geological structure factor. Similarly, Huang 
et al. (2014) proposed the use of a multi-index evaluation 
method of rockburst propensity for long, deeply buried tun-
nels, taking the strength brittleness coefficient, deformation 
brittleness coefficient, elastic strain energy index, and tan-
gential stress into account. The development of rockburst 
criterion has developed from use of single-factor criteria 
to multi-factor comprehensive criteria. In practical applica-
tions, the single criterion indicates the correct forecast trend 
with larger discreteness for individual data; the deviation of 
the results of predictions of rockbursts is caused by many 
factors. A comprehensive criterion is relatively accurate, 
but correlation analysis of multiple factors is complex, and 
hence showed limited utility. Therefore, the establishment 
of a high-performance rockburst prediction and early warn-
ing system is inseparable from the accurate determination 
of the factors affecting rockburst risk, which are crucial to 
the accuracy and efficiency of rockburst prediction methods.

Engineering practice shows that the prevailing stress field 
and rock mass condition play dominant roles in the occur-
rence of a rockburst, where the stress field conditions include 
the initial stress state in the rock mass and the degree of 
influence of the method of excavation on the stress distribu-
tion; the condition of the rock mass includes its mechanical 
properties and geological structure. Feng et al. (2022) com-
pared the similarities and differences between deep paral-
lel tunnels with alternating soft-hard strata. Instantaneous 
rockbursts can be divided into strain-type rockbursts and 
structural rockbursts. Different dominant factors need to be 
considered for different types of rockburst. The strain-type 
rockburst is mainly controlled by the stress field conditions. 
Accurately determining the initial stress field state and exca-
vation conditions would help achieve better prediction and 
early warning of strain-type rockbursts.

For deep hard-rock tunnels with a small range of distur-
bance, in high-strength rock of good integrity, it is easy to 
induce a structural rockburst when Grade IV or V structural 
planes around the tunnel have certain mechanical properties 
and meet certain geometric conditions (Liu et al. 2018a, b; 
Feng et al. 2020, 2019). At present, a rockburst prediction 
criterion is established based mainly on the in situ stress, 
rock strength, rock brittleness, and burial depth; although 
the proposed strain-structural-plane sliding rockbursts thus 
predicted are rare, the impact of structural planes on the 
generation of rockbursts warrants further study. Therefore, 
the in situ test results from a strain-structural-plane-sliding-
type rockburst were analyzed based on the tunnel excava-
tion required for a deep underground laboratory. By compar-
ing the structural plane distribution between the rockburst 

occurring in one tunnel with another, combined with the 
numerical simulation results, the elastic strain energy distri-
butions of rock mass under different structural plane condi-
tions are summarized, revealing the dominant influence of 
the structural plane distribution on the process of rockburst 
evolution in a deep hard-rock tunnel.

Overview

An underground laboratory at a depth of 2375 m, in which 
geostatic stresses dominate the stress field, is located in the 
landform slope zone between the Sichuan Basin and the 
Qinghai-Tibet Plateau. The lithology of the strata along 
the cavern exposed mainly grey-white fine-grained marble, 
black-grey fine-grained marble with white belts or stripes, 
and black-grey fine-grained marble filled with white calcite 
belts (Fig. 1); this was classified as a typical deep hard-rock 
tunnel. The laboratory with a cross-section of 14 m × 14 m 
was excavated by drilling and blasting method, which was 
divided into three steps (middle guide tunnel excavation, 
upper expansion excavation, and bottom excavation) and the 
supporting method relied on bolting and shotcrete.

During the excavation of the middle guide tunnel of the 
No. 8 laboratory, an extremely strong rockburst with a blast 
depth of 3.3 m occurred; the total length of the affected area 
was nearly 44 m. The damage location is shown in Fig. 1. 
After detailed geological investigation, three groups of struc-
tural planes were exposed in the rockburst area, in which two 
groups of the No. 1 structural plane lay approximately paral-
lel to the direction of excavation, while the No. 2 structural 
plane intersected the tunnel wall at a small angle, forming 
the boundary of the blasting crater. Two groups of No. 3 
structural planes further from the explosion pit are approxi-
mately perpendicular to the excavation direction. According 
to the relative position of the blasting pit and the structural 
plane, it can be confirmed that this structural rockburst was 
controlled by the structural planes.

The experimental method of rockburst tendency index Wet 
(Liu et al. 2017), which is the most widely used for rockburst 
propensity evaluation, using the ratio of elastic deformation 
energy ΦSP and the plastic deformation energy ΦST, namely, 
Wet = ΦSP /ΦST, was adopted to conduct the rockburst ten-
dency test on the marble with T2b grey-white lithology and 
local white band-like fine crystals coming from the labora-
tory area. Table 1 shows the calculated results of the rockburst 
tendency index. According to the method, the four interval 
divided by 2.0, 3.5, 5.0 of Wet means no rockburst, light rock-
burst, medium rockburst, and heavy rockburst, respectively. 
The rockburst tendency index Wet in the laboratory indicated 
low or medium rockburst risk, while the fact of the extremely 
strong rockburst in the No. 8 laboratory could prove the fail-
ure of this method in the laboratory cave area, which revealed 
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that rockburst gestation is not only related to the prevailing 
lithology.

To clarify the role of geological structure in inducing the 
extremely strong rockburst in the No. 8 laboratory, borehole 
digital camera technology was adopted in the process of in situ 
observation of the rockburst site. By comparing the lithol-
ogy, tunnel buried depth, initial stress field, tunnel excavation 
method, and tunnel size in the rockburst area and the safe-
passage tunnel, the distribution of the internal structural plane 
of the surrounding rock, obtained by digital camera, revealed 
the environment around, and leading to, this rockburst.

Analysis of borehole digital camera test

Test equipment and scheme

The panoramic borehole digital camera was used for com-
prehensive inspection, photographing, video recording and 

imaging of drilling holes with high accuracy and a simplic-
ity of operation. Such devices are often used to observe 
the development of macroscopic fractures in surrounding 
rock. The distribution of the fissures in the borehole was 
obtained by the use of the panoramic digital camera, and the 
test results of multiple boreholes in the same direction with 
proper spacing can be used to visualize the distribution of 
structural planes in the surrounding rock.

As shown in Fig. 2, three pre-set boreholes (T-8–2, T-8–3, 
T-8–4) and six groups of test boreholes at chainages K0-05, 
K0 + 03, K0 + 014, K0 + 024, K0 + 025, and K0 + 028 were 
located in the surrounding rock. The preset boreholes T-8–2, 
T-8–3, and T-8–4 had been arranged before the rockburst, 
and several borehole-camera surveys were undertaken. 
K0 + 024, K0 + 025, and K0 + 028 were arranged in the 
rockburst area, K0 + 024 and K0 + 028 were arranged on 
the left and right edges of the rockburst area, and K0 + 025 
was arranged in the blast hole (Fig. 3).

Based on the ductility of the structural plane, these bore-
holes can help to map the detailed distribution of the struc-
tural planes in the rock surrounding the rockburst area, while 
boreholes K0-05, K0 + 03, and K0 + 014, arranged in the 
safe passage tunnel, provided the structural plane distribu-
tion. According to the occurrence of fissures and fracture 
trend as evinced by borehole camera footage, we could judge 
whether the visible crack extended to the adjacent borehole, 
giving the spatial distribution of structural planes in the sur-
rounding rock (Fig. 4).

Fig. 1   Prevailing geological 
conditions

Black-grey fine-
grained marble with
white belts or stripes
UCS:180-190MPa

Black-grey fine-grained
marble filled with
white calcite belts
UCS:150-170MPa

Grey-white fine-grained
marble
UCS:80-120MPa

4#Traffic tunnel

8#Lab7#Lab

Location of rockburst

N58W

0m 50m 100m

σ 1

Table 1   Calculated results of rockburst tendency index

Test number Wet The average Risk of rockburst

1 3.82 3.59 Low or moderate
2 2.98
3 3.54
4 3.25
5 4.38
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Fracture evolution tests before and after the rockburst

Borehole camera surveys were conducted in boreholes 
T-8–2, T-8–3, and T-8–4 (Fig. 5) on 13 and 25 August, 
the final survey being two days after an extremely strong 
rockburst occurred near those boreholes on 23 August.

The distances from boreholes T-8–2 and T-8–3 to the 
rockburst pit were 12.6 m and 14.5 m, respectively. There 
was only a very small amount and extent of primary crack-
ing opening or closing therein (Fig. 6(a), (b)). The borehole 
T-8–4 is 1.6 m from the rockburst pit: obvious primary frac-
ture expansion occurred after the rockburst. This showed 
that the expansion of primary fractures linearly decreased 
along the borehole depth, without any new fracture genera-
tion (Fig. 6(c)). It can then be inferred that the strong dis-
turbance caused by rockburst event has no obvious effect on 
rock mass fractures 12.6 m away. The influence of the rock-
burst on the surrounding rock was manifest as the expansion 
of primary fractures but no new fractures. The occurrence 

of the rockburst had no effect on the spatial distribution of 
structural planes in the surrounding rock.

Fracture distribution test in the rockburst zone 
and safe passage tunnel

Test results: the safe passage tunnel section

The K0-05 borehole camera test results show that there are 
three parallel structural planes developed in the surrounding 
rock. The second is at a large spacing and with filling mate-
rial within its layers, while the angle between the structural 
plane and the side wall of the tunnel is 35° to 40° (Fig. 7(b)).

The K0 + 03 borehole camera test results show that there are 
two large structural planes in the surrounding rock: the width 
of the fractures is large, but they contain no infilling material. 
The angle between the structural planes which is closer to the 
side wall of the tunnel is between 30° and 35° (Fig. 7(c)).

The K0 + 14 borehole camera test results show that 
there are four structural planes in the side wall of tunnel, 
two of which were closer to the tunnel side wall opened but 
were without infilling material, intersected the sidewall at 
an angle of 30° to 35°, while another two structural planes 
formed at greater distance were quasi-parallel to the side 
wall (Fig. 7(d)).

The borehole camera test results from sections K0 + 024, 
K0 + 025, and K0 + 028 show that there are four groups of 
structural planes developed in the surrounding rock around 
the rockburst. The exposed structural planes 1#, 2#, 3#, 4# in 
rockburst area are shown in Fig. 8. Influenced by rockburst, a 
huge number of fracture zones were developed at K0 + 025, 
and the surrounding rock collapsed into the borehole. Meas-
uring data showed that the intersection angle between side-
wall of the tunnel and structural plane, which dominated the 
occurrence of this rockburst, is small and almost parallel 
(Fig. 8).

In this engineering case, comparative analysis found that 
the aforementioned three safe passage tunnel sections also 

Fig. 2   Layout of borehole for 
rock structural plane observa-
tion
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Fig. 3   Distribution of boreholes in the test section
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developed structural planes and the tunnel sidewall angles of 
intersection therewith are larger (exceeding 30°); however, 
structural planes were almost parallel to the tunnel sidewall 
in the rockburst section. This showed that, for deep hard-
rock tunnels with a mainly geostatic initial stress field, a 
higher rockburst risk arose when the angle between the inner 
structural plane of surrounding rock and the sidewall of tun-
nel is smaller (less than 30°).

As reported, the occurrence of a rockburst is the result 
of elastic strain energy accumulation (Manouchehrian and 
Cai 2018). The sporadically developed structural plane in the 
surrounding rock would cause a discontinuity in the distri-
bution of stress and strain energy, resulting in a high strain-
energy accumulation. If enough elastic strain energy aggre-
gated in the surrounding rock, once the rock mass became 
unstable, the damage will be severe, and a large amount of 
elastic strain energy would be released in the form of kinetic 
energy, characterized by rock mass ejection, resulting in a 
rockburst. To verify this conjecture, a numerical model of an 
engineering case study was established to study the energy 
characteristics in the excavation unloading process.

Energy characteristic analysis

The triaxial testing to simulate the high-stress unloading 
process of marble showed that the elastic strain energy accu-
mulated in the surrounding rock was directly related to the 
maximum principal stress difference (Fig. 9). The accumula-
tion of elastic strain energy can be judged by the maximum 
principal stress difference (Zhang et al. 2021). Calculation 
of the elastic strain energy accumulated in the surrounding 
rock can be used to judge the risk of a rockburst at a macro-
scale perspective. We aimed to study the dominant influ-
ence of structural planes in the development of a rockburst 
in the above case, and to assess the influence of the angle 
between different structural planes and the side wall on the 
elastic strain energy distribution in the surrounding rock. To 
achieve these purposes, the scenario could be simplified to a 
plane strain problem considering the longitudinal direction 
of the tunnel and the change in the angle between the struc-
tural plane and the side wall on the section of the tunnel.

A model with a width and height of 140 m (Fig. 10) was 
established by Flac3d, which is commonly used finite differ-
ence method in geotechnical numerical simulation, to obtain 
the elastic strain energy distribution in the rock mass after 
excavation. The Mohr–Coulomb elastic–plastic model (Liu 
et al. 2018a) was used considering the in situ stress state. Back 
analysis of rock mass stress conditions was conducted based 
on the deformation and plastic zone of rock mass after exca-
vation; the stress parameters of the rock mass were obtained 
from intelligent parameter inversion as shown in Table 2. 
The boundary conditions on the model were such that nor-
mal constraints on the bottom, and the normal stress applied 
to the left, right, and top were 47.86 MPa, 47.86 MPa, and 
62.19 MPa, respectively.

The simulation of the native cracks in the rock mass refers 
to the literature (Feng et al. 2018), and the mesh strength at 
the cracks within the rock mass is weakened appropriately 
to simulate native cracks existing within the surrounding 
rock. Three types of working conditions were considered: (1) 
structural planes at a 45° intersection in the tunnel sidewall 

Fig. 4   Acquisition of the 
internal fracture distribution in 
borehole K0 + 03

221.5° 214.1° 210.8° 238.4° 290.6° 252.1° 241.2°

Structural plane exposed
by rockburst

Dril
l hol

e T-
8-4 f

rom

the b
urst

pit 1
.6m

Fig. 5   Boreholes T-8–2, T-8–3, and T-8–4 around the rockburst pit
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(Fig. 11(a)); (2) structural planes at a 20° intersection in the 
tunnel sidewall (Fig. 11(b)); and (3) structural planes paral-
lel to the tunnel sidewall (Fig. 11(c)). By sampling the com-
plete marble rock mass and the rock mass containing joints, 
true triaxial test was performed to obtain the parameters for 
each material (Table 3).

The maximum principal stress differences after excava-
tion under different working conditions are shown in Fig. 11. 
Based on the direct relationship between the maximum prin-
cipal stress difference and the elastic strain energy stored in 
surrounding rock, the distribution of elastic strain energy can 
be observed. The maximum elastic strain energy is located at 

Fig. 6   Test results: T-series pre-
set boreholes before and after 
rockbursting
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(b) Camera results of boreholes T-8-3 
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Fig. 7   Borehole camera test 
results in the safe passage tunnel
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Fig. 8   Borehole camera test results in the rockburst tunnel section
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the shoulders and feet to both the left and right. The elastic 
strain energy in the sidewall of the tunnel is lower without 
structural planes in the surrounding rock. The presence of the 
structural plane pushes the zone of accumulation of elastic 
strain energy to greater depth in the surrounding rock when 
the angle between the structural planes and the sidewall of 
the tunnel is large (Fig. 11(a)). Because the structural planes 
in rock mass is the uncoordinated deformation area for stress 
adjustment, when set the distance between structural plane 
and the sidewall as constant, the bigger the intersection angle 
is, the smaller component of the elastic strain energy stored in 
the structure plane vertical to the sidewall is, and the elastic 
strain energy component oriented along the structure is greater. 
Under the action of maximum principal stress, the strain ori-
ented inward develop along the structure plane deep rock mass 
rather than extending outward to the sidewall. When a set of 
structural planes lies parallel to the sidewall of the tunnel, an 
elastic strain energy accumulation zone, which connected 
the areas of the tunnel shoulder, side wall and the tunnel feet, 
formed as shown in Fig. 11(c).

The simulated testing of a structural plane shows that when 
the shear stress on the structural plane under excavation dis-
turbance is in critical state, the surrounding rock readily slips 
and fails, causing a rockburst. The maximum shear stress τmax 
under triaxial compression of the surrounding rock can be 
obtained directly as follows:

Figure 11 shows that the angle between the structural 
plane and the sidewall of tunnel has a significant effect on 
the distribution of the maximum shear stress: the zone of 

�
max

=

�
1
− �

3

2

accumulation of high elastic strain energy after excavation 
and unloading is under a higher shear stress in this case.

According to the test analysis of fracture development 
and the calculated stress distribution, the incubation pro-
cess of instantaneous strain-structural plane sliding type 
rockbursts (in this practical case) can be summarized thus:

(1)	 Several structural planes parallel to the sidewall of the 
tunnel are sporadically developed in the rock surround-
ing the rockburst area before excavation. When exca-
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Fig. 9   The maximum principal stress difference and elastic strain 
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high triaxial stress (Huang et al. 2012)
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(c) The structural plane is parallel to the sidewall of tunnel
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The structural plane
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Fig. 10   Numerical model of different structural plane distributions

Table 2   Initial geo-stress state in the numerical modelling

σx(Mpa) σy(Mpa) σz(Mpa) τxy(Mpa) τyz(Mpa) τzx(Mpa)

47.86 54.55 62.19 4.52 2.35 15.14
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vated near the structural planes, the structural planes 
are mobilized under the action of the secondary stress 
field (Fig. 12(a));

(2)	 During the adjustment of the stress field caused by 
excavation and unloading, the initiation of new cracks 
and the expansion of primary cracks appeared in the 
rock surrounding the tunnel (Fig. 12(b));

(3)	 The elastic strain energy in the surrounding rock 
between the structural plane and the sidewall of tun-

nel increased during adjustment of the geo-stress field, 
exerting a greater shear stress on the structural plane, 
and the cracks near the structural plane developed in 
a particularly intense manner, and gradually delin-
eated the potential range of the eventual rockburst 
(Fig. 12(c));

(4)	 The rockburst body slips and fails under excavation-
induced disturbance. Part of the elastic strain energy 
stored in the rockburst body is dissipated in overcom-
ing the resistance of the rock masses on both sides: 
the remaining energy is released in the form of kinetic 
energy, which is manifest as a rapid ejection of rock. 
The blasting pit is exposed along the structural surface 
(Fig. 12(d)).

The simulation and in situ photograph (Fig. 13) validated 
the aforementioned stages: the outline of the rockburst fail-
ure area is consistent with the outline of the elastic strain 
energy accumulation zone in Fig. 12(d).

Statistical analysis of instantaneous 
strain‑structural‑plane type rockburst

As reported, the SK8 + 200 to 8 + 800 section of the drain-
age tunnel at Jinping II Hydropower Station is a typical deep 
hard-rock tunnel, with a minimum burial depth of 2393 m 
and a maximum burial depth of 2523 m. The lithology of 
the surrounding rock is white thick marble of the BaiShan 
Formation. A TBM was used for full-face excavation over a 
7.2-m excavation diameter. During excavation, this section 
is highly prone to rockbursts. Zhao et al. (2019) reported all 
rockburst events in this typical section of rockburst. Through 
statistical analysis of the grades of rockburst events and the 
occurrence of structural plane exposed by the rockburst pits 
(Table 4), it was found that 13 out of 15 rockbursts exposed 
the structural plane, with the angles between the structural 
plane and the sidewall being less than 30°, and the rockbursts 
gathered mostly in the sidewall of the tunnel or expanded to 
the spandrel, indicating that the incubation of the rockburst 
was strongly dominated by the internal structural planes in 
the surrounding rock.

The aforementioned statistical analysis was consistent 
with in situ observations and numerical simulation of the 
engineering case, that is, when the angle between the inter-
nal structural surface and the sidewall of the tunnel to be 
excavated is small, it was conducive to the incubation of a 
rockburst. The influence of rockburst accidents on engineer-
ing operations can be reduced to a certain extent by making 
the tunnel sidewall intersect the dominant structural plane 
in surrounding rock at a large angle (as far as possible), or 
taking the small angle intersection of the structural plane 
and the tunnel sidewall as the key area for implementation 
of rockburst prevention measures.

(a)

(b)

(c)

Fig. 11   Maximum principal stress difference distribution with differ-
ent structural planes in the surrounding rock

Table 3   Parameters of physical and mechanical properties

Material Modulus of 
elasticity/
GPa

Poisson’s 
ratio

Cohesive 
forces/
MPa

The angle 
of internal 
friction/(°)

Original 
rock

29.2 0.2 35 30

Degraded 
rock mass

3.5 0.2 3 23
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Discussion

This study analyzed the same stress and lithological con-
ditions and focused on the key role of structural planes 
running parallel to the sidewall of a tunnel or with a small 
intersection angle therewith. It is noteworthy that there are 
many factors affecting the development of a rockburst. The 
risk of a rockburst increases with a larger intersection angle 
between the tunnel and the structural planes. The follow-
ing case shows a deep buried tunnel with black grains in 
monzonitic granite in which six groups of structural planes 
developed, of which three intersected the tunnel at between 
40° and 70°. Five rockbursts occurred during construction 
of a pilot tunnel, and three of them occurred in the sec-
tions at DK194 + 625.4, DK194 + 632.9, and DK194 + 635.9 
(Fig. 14). The case study analysis showed that the structural 

types of rockburst are not only displayed along the structural 
plane to form rockburst pits, and when there is a very weak 
structural plane or space cutting formed unstable dangerous 
rock masses, the excavation-induced disturbance will trigger 
a rockburst, even though the elastic strain energy accumula-
tion in the rock mass remained relatively low.

Even if, on the other hand, there is a structural plane paral-
lel to sidewall, the distances from the structural plane to the 
sidewall, the geo-stress direction, etc., are the more important 
factors influencing elastic strain energy accumulation: these 
predicate the occurrence of a rockburst. Single-factor analysis 
was adopted, combined with in situ data collection from a 
field site, to discuss the dominant influence of the structural 
planes in the development of a rockburst. The effects of other 
factors in the development of a rockburst warrant further 
analysis by way of other engineering examples.

Excavation contour

Tunnel face

Structural
plane

Surrounding rock

Primary
fractures

New
fractures

The fracture
develops and
penetrates

Rock mass with
possibility of rockburst

The blasting pits Rock pile

(a)When the tunnel was excavated near the structural-
surface, the structural-surfaces were activated under the

action of the secondary stress field

(b) During the adjustment of the stress field caused by excavation and
unloading, the initiation of new cracks and the expansion of primary

cracks appeared in the surrounding rock of the tunnel

(c) The cracks expand and connect to form rock mass which
may have rockburst

(d) Rock mass with possibility of rockburst slips and loses
stability under the excavation disturbance around it

Surrounding rock

Surrounding rock

Surrounding rock

Tunnel face Tunnel face

Structural
plane

Structural
plane

Fig. 12   Incubation process simulation of rockburst for the in situ engineering case
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Fig. 13   Photograph showing the 
actual rockburst

Structural plane exposed by 
rock burst

Outline of rockburst
failure area

Excavation
contour

Table 4   Rock mass structural plane and the occurrence of rockbursts at chainages SK8 + 200 to 8 + 800 in the drainage tunnel

No. Rockburst pile no. Location of the rockburst Grade of rockburst Angle between the 
structural plane and the 
sidewall

1 SK8 + 407 ~ 411 The south sidewall Slight 5 ~ 15
2 SK8 + 440 ~ 445 Southside wall to arch shoulder Slight 5 ~ 15
3 Sk8 + 462 ~ 468 The north sidewall Slight 15 ~ 20
4 SK8 + 485 ~ 495 The north sidewall The delay type of medium 25 ~ 30
5 SK8 + 501 ~ 508 The south sidewall Slight 5 ~ 10
6 SK8 + 525 ~ 530 The south sidewall Slight 5 ~ 10
7 SK8 + 555 ~ 558 The north sidewall Slight None
8 SK8 + 672 ~ 678 South sidewall to arch shoulder Medium 5 ~ 10
9 SK8 + 703 ~ 709 South sidewall to arch shoulder Strong 5 ~ 10
10 SK8 + 708 ~ 715 South sidewall to arch shoulder Strong 5 ~ 10
11 SK8 + 717 ~ 732 South sidewall to arch shoulder Strong 5 ~ 10
12 SK8 + 709 ~ 757 North sidewall to arch shoulder Strong 5 ~ 10
13 SK8 + 742 ~ 757 South sidewall to arch shoulder Medium None
14 SK8 + 764 ~ 775 South sidewall to arch shoulder Strong 20
15 SK8 + 767 ~ 782 North sidewall to arch shoulder Medium 20

Fig. 14   Location of rockbursts 
and distribution of structural 
planes during the excavation of 
a tunnel

Left spandrel

Center line

Right spandrel

580 600 610 620 630 640 650 660

Structural plane Rockburst pits
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Conclusions

Compared the distribution of structural planes, as observed 
by drilling camera-inspection boreholes in the surrounding 
rock, between rockburst areas and a safe passage tunnel, 
the influence of structural planes in the surrounding rock 
on the induction of a rockburst was investigated, and the 
dominant influence of structural planes on the incubation of 
an instantaneous strain-structure plane type rockburst was 
further ascertained by simulation and analysis of a practical 
engineering case study. The main conclusions are as follows:

(1)	 The occurrence of rockburst will not cause the initiation 
of cracks in the rock mass but will splay the primary 
fissures within the area thus affected. The test results 
pertaining to the fracture distribution after a rockburst 
can be used to speculate about the characteristics of the 
fracture distribution before the rockburst. The structural 
planes in the rockburst area are parallel, or intersect at 
a small angle, to the sidewall of the tunnel. The angles 
between the structural plane developed in the surround-
ing rock of the safe passage sections and the sidewall of 
the tunnel are all relatively large (exceeding 30°); the 
distribution of structural plane in the surrounding rock 
is a key factor affecting the development of extremely 
strong rockbursts in this case.

(2)	 The different distribution patterns of structural plane 
in surrounding rock offer a different environment for 
energy accumulation. When the structural plane of the 
surrounding rock is parallel to the sidewall or intersects 
it at a small angle, it induces a higher risk of rockburst, 
caused by the high elastic strain energy accumulation 
zone and high shear stress accumulation zone in the 
structural plane and their location under excavation-
induced disturbance. It is difficult to generate a con-
secutive rockburst area due to low elastic strain energy 
in the sidewall, when the angles between the structural 
planes in the surrounding rock and the sidewall of the 
tunnel are large, and even if the arch shoulders and 
feet of the tunnel are in a state of higher elastic strain 
energy, there is a very low probability of a rockburst 
occurring.

(3)	 The existing state of the structural planes is the criti-
cal factor affecting the development of instantaneous 
strain-structural-plane type rockbursts. More than 90% 
of instantaneous strain-structural-plane type rockbursts 
occur in areas where the angle between the sidewall of 
the tunnel and the structural plane in surrounding rock 
is less than 30°. When the angle is large, the stress field 
and the spatial cutting of the structural plane are impor-
tant factors affecting the development of a rockburst.
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