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Rockburst disasters occur frequently during deep underground excavation, yet traditional concepts and
methods can hardly meet the requirements for support under high geo-stress conditions.
Consequently, rockburst control remains challenging in the engineering field. In this study, the mecha-
nism of excavation-induced rockburst was briefly described, and it was proposed to apply the excavation
compensation method (ECM) to rockburst control. Moreover, a field test was carried out on the Qinling
water conveyance tunnel. The following beneficial findings were obtained: Excavation leads to changes in
the engineering stress state of surrounding rock and results in the generation of excess energy DE, which
is the fundamental cause of rockburst. The ECM, which aims to offset the deep excavation effect and
lower the risk of rockburst, is an active support strategy based on high pre-stress compensation. The
new negative Poisson’s ratio (NPR) bolt developed has the mechanical characteristics of high strength,
high toughness, and impact resistance, serving as the material basis for the ECM. The field test results
reveal that the ECM and the NPR bolt succeed in controlling rockburst disasters effectively. The research
results are expected to provide guidance for rockburst support in deep underground projects such as
Sichuan–Xizang Railway.
� 2023 The Authors. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher
Education Press Limited Company This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rockburst disasters occur frequently in underground rock engi-
neering with high geo-stress, causing both casualties and damage
to mechanical equipment. It seriously affects the safety of con-
struction, especially as the underground engineering is gradually
entering deep strata in China [1]. At present, a growing number
of mines and tunnels are developed into the depth of more than
1000 m underground and faced with serious rockburst risk. For
example, on November 28, 2009, a strong rockburst accident
occurred in the super deep Jinping Ⅱ Hydropower Station in China
(maximum buried depth over 2500 m), resulting in seven deaths,
one injury, and the destruction of a tunnel boring machine (TBM)
[2]. The maximum buried depth and geo-stress of the tunnel in
the Ya’an–Linzhi section of Sichuan–Xizang Railway under con-
struction are 2080 m and 53.06 MPa, respectively, and 27 tunnels
there are likely to encounter rockburst [3].
In recent decades, numerous researches concerning rockburst
have been reported, including those on its definition, classification,
failure mechanism, risk assessment, and early warning. It is gener-
ally believed that rockburst is a kind of unconventional and
dynamic failure caused by the violent release of strain energy
and accompanied with the ejection of rock fragments and the gen-
eration of huge sounds [1,4–8]. It is closely related to lithology and
structural characteristics of surrounding rock, engineering geolog-
ical conditions, excavation technology, and so forth [9–12]. Accord-
ing to different inducing mechanisms, rockburst can be roughly
divided into two categories [13]: One is strainburst caused by
radial stress unloading and tangential stress concentration during
excavation, and the other is impact-induced rockburst caused by
dynamic disturbance (fault slip, earthquake, and blasting, etc.) of
surrounding rock under static stress after excavation. Considering
that the former is more common in engineering practice, it is taken
as the main research object in this study. A large number of labo-
ratory tests, such as static uniaxial (or biaxial) compression tests
[14–16] and dynamic tests based on the split Hopkinson bar
[17,18], have been carried out to reveal the mechanism of rock-
burst kinetic energy. He et al. [19] put forward the test method
Qinling
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of true triaxial loading and single-side unloading, developed a set
of true triaxial strainburst experimental machine, and successfully
realized the simulation of excavation-induced strainburst in the
laboratory, which provided a basis for revealing the mechanism
of rockburst. In addition, a rigid experimental machine simulating
impact-induced rockburst by superimposing dynamic and static
loads was also developed [13]. Comprehensive index evaluation
methods that take into account factors such as lithology, stress
state, and geological conditions in rockburst risk evaluation are
considered to have more considerable application prospects
[20,21]. Geophysical methods such as acoustic emission (micro-
seismic) [22–25,48], electromagnetic radiation [26], infrared radia-
tion [27], and seismic velocity tomography [28] have also provided
reference indicators. In addition, the prediction method combined
with artificial intelligence is attracting wide attention [20,29,30].

In the aspect of rockburst control, active pretreatment methods
have been adopted for rockburst risk reduction, including opti-
mized excavation scheme [22], destress blasting [31], drilling pres-
sure relief [32], hydraulic fracturing [33], and so forth. The purpose
is to avoid partial stress concentration and energy accumulation.
The anchorage support system including bolt and cable is still
the most commonly used means to control the stability of sur-
rounding rock. However, traditional bolts often undergo brittle
breakage and failure under the high geo-stress, failing to provide
effective support. With the accumulation of experience, rockburst
support strategies gradually change from high-strength support
to energy-absorbing support [34,35], which requires that the bolt
has not only high strength but also the ability to bear severe defor-
mation. Energy-absorbing support is superior in its capability of
absorbing the energy generated in the process of rock dynamic fail-
ure and alleviating the harm of rockburst. Some energy-absorbing
bolts have been developed and applied to the engineering field,
such as Roofex bolt [36], Garford bolt [37], D-bolt [38], and
Yield-Lok bolt [39]. Despite extensive efforts, rockburst support
remains notably challenging in the engineering field, due to the
huge contradiction between traditional support concepts and
methods and the requirements for deep underground support.

In this paper, first, the phenomenon and mechanism of
excavation-induced rockburst were briefly described with the aid
of a self-developed true triaxial strainburst experimental machine.
Besides, the excavation compensation method (ECM) applicable to
high geo-stress deep underground was summarized, which is dif-
ferent from the surrounding rock control concept of shallow and
middle strata. Furthermore, a new type of steel-based bolt, called
negative Poisson’s ratio (NPR) bolt, was taken as the material foun-
dation of the ECM, and its dynamic and static mechanical proper-
ties were tested. On this basis, it was proposed to apply the ECM
to rockburst control, and the field test was carried out in the Qin-
ling water conveyance tunnel of Hanjiang-to-Weihe River diver-
sion project. The research results are expected to provide
guidance for rockburst control in deep underground projects like
Sichuan–Xizang Railway.
2. Principle of the ECM in controlling rockburst

2.1. Rockburst mechanism and experimental verification

After deep rock mass excavation, the radial stress of the sur-
rounding rock near the free surface is reduced to zero immediately,
and the tangential stress becomes concentrated gradually. The
three-dimensional (3D) stress state of the surrounding rock
becomes approximately two-dimensional, as depicted in Fig. 1(a).
Under high initial geo-stress, as rock unloads, the maximum prin-
cipal stress r1c of rock far exceeds the rock strength rc without lat-
eral confinement, resulting in instantaneous rockburst. The
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simplified stress path is marked by the blue line in Fig. 1(b). Under
low initial geo-stress, unloading does not cause rock failure.
Instead, rockburst occurs in the process of stress adjustment and
concentration, which corresponds to a delayed rockburst in engi-
neering. The simplified stress path is marked by the yellow line
in Fig. 1(b). The energy stored in the 3D stress state is larger than
that required for static failure in the uniaxial (or biaxial) stress
state. This part of excess energy DE will mainly be converted into
rockburst kinetic energy, as illustrated in Fig. 1(c). Therefore, He
et al. [13] put forward DE > 0 as the rockburst criterion. This crite-
rion regards rockburst as a kind of engineering failure and consid-
ers that the kinetic energy release during rockburst differs from the
brittle rupture under conventional uniaxial (or biaxial) load condi-
tions. It emphasizes the excavation-induced change in the stress
state. Therefore, the key to controlling the risk of rockburst is to
avoid excess energy DE.

Strainburst experiments under the above two loading paths
were carried out. The self-developed triaxial strainburst experi-
mental machine can realize transient unloading on one side and
form a free surface through special mechanical structure, which
effectively simulates the excavation in engineering practice. For
details of this machine, please refer to He et al. [19]. The sample
was made of granite with a density of 2.63 g∙cm�3 and a size of
150 mm � 60 mm � 30 mm. During the experiment, firstly, the
rock sample was restored to the preset initial 3D geo-stress state
at a low loading rate and maintained the state for 1000 s. Subse-
quently, the minimum principal stress r3 was suddenly unloaded,
and the loading of the maximum principal stress r1 started by
stages to simulate the process of gradual stress concentration after
unloading. Fig. 2 presents the instantaneous rockburst of a typical
sample. The initial stresses were: r1 = 90 MPa, r2 = 60 MPa, and
r3 = 20 MPa. At the moment of unloading, numerous rock frag-
ments were ejected, showing the characteristics of obvious
dynamic failure. Fig. 3 illustrates the delayed rockburst of a typical
sample. The initial geo-stresses were: r1 = 80 MPa, r2 = 60 MPa,
and r3 = 20 MPa. In the stress adjustment stage after unloading,
the sample underwent progressive failure. At 4029.245 s of the
force holding stage, some rock fragments spalled off. Then, after
a quiet period, a full rockburst occurred. The delay process may
be attributed to the viscosity of rock.

Recently, the authors’ team has developed a new 5000 kN true
triaxial rockburst experimental system [40] in the State Key Labo-
ratory for Geomechanics and Deep Underground Engineering (Bei-
jing, China). Developed on the basis of the first-generation
strainburst experimental machine and impact-induced rockburst
experimental machine, it can realize rapid unloading on multiple
sides and apply dynamic disturbance load in different directions.
It can support laboratory simulation of various types of strainburst
and impact-induced rockburst at different positions, providing
powerful conditions for further exploring the mechanism of rock-
burst in the future.

2.2. Principle of the ECM

In the past long-term practice, the Platts pressure arch theory
(PPAT) [41] and the new Austrian tunnelling method (NATM)
[42] have been guiding underground tunnel construction. The
PPAT holds that rock and soil can be self-stabilized. Specifically, a
pressure arch (natural balance arch) will be formed in the upper
part of roadway after excavation, and the supporting structure only
needs to bear the gravity of rock and soil under the pressure arch. It
is a support scheme without stress compensation, which is only
suitable for controlling shallow loose rock and soil. The NATM
emphasizes making full use of the self-bearing capacity of the sur-
rounding rock and the spatial constraint of the excavation face. It
takes bolt and shotcrete as the main supporting means and



Fig. 1. Mechanism of strainburst. (a) Excavation-induced change in the stress state; (b) stress paths of strainburst; (c) DE > 0 as rockburst criterion by comparing triaxial
stress–strain curves with uniaxial (biaxial) stress–strain curves. [13] r1: the maximum principal stress; r2: the intermediate principal stress; r3: the minimum principal
stress; r1c: the rock strength when rockburst; rc: the uniaxial or biaxial compressive strength; rt: the tensile strength; e: the strain.

Fig. 2. Instantaneous strainburst process. (a) Loading path; (b) failure process. Among them, I1–I4 indicate different moment points.

Fig. 3. Delayed strainburst process. (a) Loading path; (b) failure process. Among them, D1–D4 indicate different moment points.
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restrains the relaxation and deformation of the surrounding rock
by supporting at the right time (neither too early nor too late) after
excavation. The surrounding rock and supporting structure are
monitored to further guide the design and construction of the pro-
ject. A certain deformation on the surrounding rock is allowed,
which recommends ‘‘yield before resistance”. In essence, it is a
3

low stress compensation support scheme suitable for excavation
in middle and shallow strata.

However, in the process of deep underground tunnel excava-
tion, traditional methods find it difficult to adapt to high geo-
stress or to be adopted for the prevention and control of rockburst,
severe deformation, and other disasters resulting from surround-
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ing rock deformation and failure [1]. Aiming at tackling such a
problem, the authors’ team [43,44] put forward an active support
strategy based on high pre-stress compensation to adapt to deep
underground conditions, which is called the ECM. The Mohr stress
circle was used to analyze the supporting principle. Fig. 4 exhibits
the comparison of the three methods. The green Mohr stress circle
represents the initial geo-stress state. Excavation-induced radial
stress unloading and tangential stress concentrations are named
as excavation effect Ⅰ and excavation effect Ⅱ, respectively, as pre-
sented in blue and red in Fig. 4. The black curve is the failure enve-
lope. Affected by the excavation effect, the Mohr stress circle may
exceed the failure envelope, leading to surrounding rock instability
and even rockburst dynamic failure. By compensating the sur-
rounding rock with high pre-stress support and restoring it to
the 3D stress state of the original rock as much as possible, and bet-
ter utilizing the triaxial strength of the rock instead of uniaxial or
biaxial strength, the stability of the surrounding rock will be effec-
tively controlled (the purple Mohr stress circle in Fig. 4). This also
avoids the generation of excess energyDE, thus reducing the risk of
rockburst disaster. The keys to ECM are: sufficiently large pre-
stressing to compensate for the reduced radial stresses at the
beginning of the excavation, and early support timing to avoid
deterioration of the surrounding rock. It recommends ‘‘resistance
before yield”.

2.3. Implementation of the ECM based on the NPR bolt

Traditional bolts, which have low strength and poor toughness,
are unable to bear high pre-tightening force applied to them. To
Fig. 4. Principle of the ECM and its comparison with PPAT and NATM. [43].
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overcome this difficulty and realize the ECM, the authors’ team
[43] developed a new type of bolt made of new steel, called the
NPR bolt. New steel boasts exceptional mechanical properties such
as high strength, high toughness, impact resistance, and no neck-
ing, which are achieved by adding alloying elements and improv-
ing the smelting process. This new type of bolt is developed
based on the original design concept of the first generation of
constant-resistance and large-deformation bolt [45]. The first gen-
eration of bolt has achieved constant resistance and large deforma-
tion through the design of special structure and has the
macroscopic structural effect of an NPR. The new NPR bolt achieves
a major innovation at the material level. In order to verify its
mechanical properties, static tensile and drop hammer impact
tests were carried out on new NPR steel, and the results were com-
pared with that of ordinary Q235 steel.

Fig. 5 depicts the load–displacement curves under static ten-
sion. Steel bars with a length of 800 mm and a diameter of
18 mm were used in the test. The yield load of NPR steel is
197.27 kN, 2.21 times that of Q235 steel. The ultimate elongation
of NPR steel reaches 33.5%, 1.48 times of that of Q235 steel. Its
energy absorption capacity (the area under the curve) is 2.67 times
that of Q235 steel. NPR steel exhibits the characteristics close to
the ideal elastic–plastic material. In support design, Q235 steel
can only use 40%–60% of its tensile strength, while NPR steel can
use 90% [43].

The weight of the drop hammer is 1000 kg and the maximum
falling height is 1500 mm in the drop hammer impact test. The
samples are NPR and Q235 steel bars with a length of 2.8 m and
a diameter of 18 mm. The total clamping length of both ends of
the sample is 0.3 m, and the effective length is 2.5 m. In the test,
the hammer was lifted to the preset height before falling freely
and impacting the sample. In order to study the response of the
sample under different impact loads, the height of drop hammer
increased in turn (10–1200 mm) during the first 17 impacts. Then,
the height of 1200 mm was kept unchanged until the sample was
destroyed. Fig. 6(a) details the impact force–time curves of NPR
and Q235 steel at the tenth impact (falling height is 500 mm)
recorded by the sensor at the clamping end. Due to the rebound
of the drop hammer, the impact forces of the two materials atten-
uated in repeated fluctuations. However, NPR steel corresponded
to a higher impact force and a longer vibration time. Here, the first
waveform, as the main energy absorption process, will be analyzed
in detail. The maximum impact force of NPR steel in the tenth
impact is 253.1 kN and the first wave duration is 31.9 ms. The max-
imum impact force of Q235 steel is 190.8 kN and the first wave
Fig. 5. Load–displacement curves under static tension.



Fig. 6. Drop hammer impact test results. (a) Impact force–time curves of the tenth impact; (b) maximum impact force and final plastic elongation curves.
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duration is 38.8 ms. These data suggest that NPR boasts higher
dynamic energy absorption efficiency. Fig. 6(b) reveals the maxi-
mum impact force and irreversible elongation of the samples at
each impact during the whole experiment. The impact force of
NPR steel is always higher than that of Q235 steel, and it experi-
ences milder plastic deformation, which reflects its superior
dynamic elastic energy absorption. Q235 steel breaks at the 21st
impact, while NPR steel endures 40 impacts. Moreover, in both
the static test and the dynamic test, the whole bar of NPR steel
becomes thinner evenly in the elongation process. Unlike tradi-
tional materials, NPR steel does not present partial necking frac-
tures. Fig. 7 indicates typical fractures of NPR steel and Q235 steel.

The extraordinary mechanical properties of NPR bolt make it
possible to realize the ECM and control rockburst. The characteris-
tics of high strength and strong toughness are the foundation of
remarkable pre-tightening force, and its excellent impact resis-
tance enables it to provide an effective support force under the
dynamic load caused by rockburst and external dynamic distur-
bance, thus ensuring engineering safety.

3. Engineering application of the ECM

3.1. Project overview and geological conditions

The Hanjiang-to-Weihe River Diversion Project is an important
south–north water diversion project in Shaanxi Province, China. It
aims to solve the water shortage problem in cities along the Weihe
River in central Shaanxi area. The water diversion project is mainly
composed of the Huangjinxia Water Control Project, the Sanhekou
Water Control Project, and the Qinling Water Conveyance Tunnel,
which is the key channel of water diversion. Its inlet is located at
the control gate of the SanhekouWater Control Project, and its out-
let is Huangchi River in Zhouzhi County. In this study, the test sec-
tion of the ECM is located in the north section of the Qinling Water
Conveyance Tunnel. The length of the TBM excavation with a
diameter of 8.02 m in the northern section exceeds 15 km, and
the maximum burial depth of the tunnel exceeds 2000 m. The
specific bid sections of the test section are pile numbers K43 + 8
65–K43 + 815, with a length of 50 m and a maximum buried depth
Fig. 7. Typical fractures of (a) NPR steel (no necking) and (b) Q235 steel (significant
necking).
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of 1837 m. The surrounding rock is relatively complete, its lithol-
ogy being diorite. Fig. 8 is a schematic diagram of its specific posi-
tion and adjacent geological profile. The stress in the high buried
depth on site is extremely high and is dominated by horizontal tec-
tonic stresses. The maximum horizontal principal stress is esti-
mated to exceed 100 MPa. Instantaneous strainburst disasters
occur frequently within a few hours after excavation, and a large
number of delayed strainburst events continue to occur for 2–
3 days after excavation. Fig. 9(a) indicates the locations and pit
depths of 979 rockburst events in the tunnel from January 6,
2020 to January 18, 2022. Most rockburst disasters occurred within
the 120� angle of the vault, especially in the direction of 0 o’clock
and 1 o’clock. The depth of burst pit is concentrated in the range
of > 0.5–1.5 m. Fig. 9(b) shows a typical V-shaped burst pit caused
by rockburst at vault of the tunnel, with the maximum depth of
1.1 m.
3.2. NPR support design and construction scheme

In the hope of verifying the applicability of the ECM to rockburst
disaster control, the field test of high pre-stressed support was car-
ried out on the scheduled test section of the northern section of the
Qinling Water Conveyance Tunnel by using the NPR bolt. In the
original primary support scheme (Fig. 10(a)), only six ordinary
mortar bolts (U25 mm � 3500 mm) were applied within 90� of
Fig. 8. Geological profile of the test section area.



Fig. 9. Situation of rockburst on site. (a) Statistics of burst pit location and depth; (b) a typical V-shaped burst pit on the vault.

Fig. 10. Improvement of bolt support scheme. (a) Original bolt layout scheme; (b) NPR bolt layout scheme; (c) 3D NPR active support system; (d) NPR bolt used in the field.
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the vault and there was no pre-stress. The row spacing of bolts was
1.2 m. Around 30� of the vault was left unprotected, where rock-
burst was highly possible to occur. Moreover, H150 steel arch
frame and longitudinal steel bar row were applied for support.
The spacing of steel arches was 0.9 m. After the steel arch was
closed, C20 concrete was poured inside. The support scheme
shown in Fig. 10(b) mainly improved the layout of the bolts. Nine
NPR bolts (U22 mm � 3500 mm) were arranged in the main rock-
6

burst area (120� of the vault). The row spacing of bolts was 1 m. In
order to strengthen the support within 30� of the vault, three NPR
bolts were set. To prevent crossing, the three bolts had a deflection
angle of 5� on the side. In addition, a 3D NPR active support system,
which was composed of NPR bolt, W-shaped steel belt, and high-
strength and high-toughness flexible mesh, was designed and
installed in the field. The NPR bolt provided the supporting force;
the W-shaped steel belt played a fixing and connecting role; and
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the flexible mesh played a protective role by preventing rock frag-
ments from flying out. Figs. 10(c) and (d) present the schematic
diagram of the 3D NPR active support system and the physical dia-
gram of the NPR bolt used in the field, respectively. During the con-
struction, six NPR bolts were drilled by the TBM. Three of them in
the vaults need to be drilled manually because of the existence of
blind spots in the TBM. After the bolt was installed, a 200 kN pre-
tightening force was quickly applied to it within 30 min. The whole
construction process required timely active support and rapid pre-
tightening to realize high pre-stress compensation.

Traditional TBMs adopt passive support and have a large blind
area, making it difficult to meet the requirements of the ECM.
Therefore, State Key Laboratory for Geomechanics and Deep
Underground Engineering (Beijing, China) recently designed and
Fig. 11. Design sketch of

Fig. 12. Maximum depth of burst pit during excavatio
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developed a new tunneling equipment called the Rockburst-NPR
TBM. In contrast, the Rockburst-NPR TBM is designed based on
the active support concept of the ECM. It can realize the rapid con-
struction of 3D NPR active support system in the range of 280� dur-
ing excavation. Besides, it is equipped with an expanding
cutterhead, a cascade shield system (including first level shield
and secondary radial retractable shield), an anchor–hole drilling
system with nine sets in three districts, a flexible mesh laying sys-
tem, an advanced treatment (advanced detection, advanced grout-
ing, and advanced reinforcement) system with seven set points,
and a preliminary concrete spraying system. Fig. 11 presents its
design sketch. It is believed that the Rockburst-NPR TBM will pro-
vide powerful equipment support for rockburst control in TBM
excavation of deep underground engineering in the future.
Rockburst-NPR TBM.

n and on-site rockburst situation. Avg.: average.
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3.3. Rockburst control effect

After the construction of the test section according to the
improved support scheme, the rockburst disaster has been signifi-
cantly controlled. Fig. 12 counts the deepest burst pit depth at the
corresponding tunneling position and the specific damage situa-
tion at individual positions during the construction period from
October 26, 2021 to January 27, 2022. In the position before the
test section, the average depth of burst pit reached 0.95 m. During
the tunneling process of the test section (from November 28, 2021
to December 26, 2021), the average depth of burst pit was 0.42 m.
The result fully demonstrates that the implementation of the ECM
greatly relieved the rockburst damage on site. At the position
behind the test section, the rockburst returned to a severe level,
and the average depth of the burst pit was 0.99 m. The force on
the support structure and the deformation of the surrounding rock
Fig. 13. (a) Pressure on steel arches and bolts at different po
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at different positions were monitored. Fig. 13(a) indicates the
stress of bolt and steel arch at the vault positions of several typical
sections in the test section after tunnel deformation convergence.
The red and green lines indicate the bolt and steel arch forces,
respectively. Positive values mean being in tension and negative
values mean being in compression. In addition, for comparison,
the typical sections (pile numbers K43 + 875 and K43 + 805) with-
out NPR bolt support in front of and behind the test section are also
displayed. Fig. 13(b) shows the deformation of surrounding rock at
different positions. Negative values in the figure represent that the
reserved deformation (200 mm) is not exceeded, while positive
values represent the opposite. Under the active support of high
pre-stressed NPR bolts, the deformation of surrounding rock was
effectively controlled, and the stress of steel arch was significantly
reduced. For example, the average pressures on the vault of steel
arch at K43 + 875 and K43 + 805 were about 49 and 44.4 MPa,
sitions; (b) intrusion distance of the surrounding rock.



Fig. 14. Microseismic monitoring results. (a) Frequency and energy; (b) 3D positioning.
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respectively, while the pressure in the test section was generally
less than this stress level. In the test section, the deformation of
surrounding rock ranged from –100 mm to 0 mm, basically not
exceeding the reserved deformation.

Microseism (MS) is a remote, 3D, and continuous rock mass
fracture monitoring technology that can capture elastic waves
released during rockburst [46]. As the time, location, intensity,
and even fracture mechanism of rockburst can be obtained by
wave analysis, MS has been widely used for rockburst monitoring
and early warning. The high-resolution MS monitoring system
manufactured by Engineering Seismology Group (ESG, Canada),
was applied to rockburst monitoring in this project. For specific
information, please refer to Wang et al. [47]. MS events during
tunneling from October 13, 2010 to February 10, 2022 were con-
tinuously monitored, and the results are illustrated in Fig. 14.
During the tunneling period of the test section (November 28,
2021 to December 26, 2021), the frequency and energy value of
MS signals decreased notably. The frequency was below 65
times∙d�1, and the energy was lower than 500 kJ. The 3D posi-
tioning map also shows the low density and small magnitude
of MS events in the test section, reflecting that ECM weakened
rockburst damage.
4. Conclusion and summary

This study is aimed at the difficult problems of rockburst disas-
ter control in deep underground excavation. First, the mechanism
of rockburst and the supporting principle of the ECM suitable for
high ground stress conditions were briefly summarized, and it
was proposed to apply the ECM to rockburst control. Moreover,
the field test was carried out in the QinlingWater Conveyance Tun-
nel of the Hanjiang–Weihe River Water Diversion Project. Specifi-
cally, excavation will lead to radial stress unloading and
tangential stress concentration of the surrounding rock, and the
excess energy DE generated by the change in the engineering
stress state is the fundamental cause of rockburst. The true triaxial
loading and single-side unloading test carried out in laboratory
confirmed this point. The ECM is an active support strategy, which
counteracts the excavation effect by high pre-stress compensation
and reduces the risk of rockburst. The new NPR bolt developed
9

serves as the material foundation of the ECM. The results of static
and dynamic mechanical tests reveal that it has the constant
mechanical characteristics of high strength, high toughness,
impact resistance, and no necking, and can realize a high pre-
tightening force and resist the impact of rockburst (and dynamic
disturbance). Finally, the field test demonstrates that the 3D NPR
active support system can effectively control the rockburst disas-
ter. This point is verified by the depth of burst pit, the stress of sup-
porting equipment, the deformation of surrounding rock, and the
results of microseismic monitoring. Therefore, the research fully
proves that the ECM is scientific and effective in controlling
rockburst.
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