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The study of the blast resistance
performance of underground
cavern support structures under
the effect of explosive ground
loads

Xinxing Liu*

China Coal Science and Technology Ecological Environment Technology Co., Ltd., China Coal
Technology and Engineering Group, Beijing, China

The use of support structures with good explosion resistance to support and
reinforce underground projects has become a focus of concern for relevant
units in order to ensure the safety of underground projects in explosive ground
loads. The blast resistance of underground caverns and the influence of support
parameters on blast resistance have been studied when lining and pre-stressing
anchors are supported individually under dynamic and static coupling. Straight-
walled arched caverns are chosen for this study because of their strong blast
resistance. The influence of excavation unloading on the support structure was
analyzed under the condition of a burial depth of 500 m. The study investigated
the blast resistance of caves supported solely by singular concrete lining support
and singular pre-stressed anchor bolt support. The research findings indicate
that pre-stressed anchor bolts significantly limit the deformation capacity of
surrounding rock while lining is more effective in restricting the vibration
response of surrounding rock. The pre-stressed anchor bolts ensure operation
within the strength range throughout the entire process with no alteration in
load-bearing capacity. Increasing the thickness of the lining can reduce the
vibration response of the cavern. Meanwhile, enhancing the pre-stressed anchor
bolts within a certain range notably restricts the deformation response of the
cavern. Therefore, the pre-stressed anchor bolts should be employed as the
supporting structure to bear the excavation and unloading loads of the cavern.

KEYWORDS

underground cavern, blast resistance, explosive ground loads, lining support,
prestressed anchor

Abbreviations: d,, Damage factors under uniaxial tension; d., Damage factors under uniaxial
compression; dy,, Evolution parameter of concrete uniaxial tensile damage; d,, Evolution parameter
of concrete uniaxial compressive damage; Ft, Concrete uniaxial tensile strength; f., Concrete uniaxial
compressive strength; s, Stress state function; s., Stress state function; g, Ultimate tensile strain
of concrete; ¢, Ultimate compressive strain of concrete; g, Elastic strain; g, Nonlinear strain; a,
Parameter value of the plastic stage of the stress-strain curve; a,, Values of the ascending segments of
the concrete uniaxial stress-strain curve; ay, Values of the descending segments of the concrete uniaxial
stress-strain curve; %, Actual stress of the concrete; E, Actual strain of the concrete; AT, Prescribed
temperature change; N, Designed axial force of the anchor; A, Linear expansion coefficient of the
anchor; E, Elastic modulus of the anchor.
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1 Introduction

There is a constant updating and upgrading of weaponry and
equipment in modern warfare across nations as modern science
and technology continue to advance. The direct shock waves caused
by drilling and guided weapon explosions propagate through the
rock and soil medium. The damage to underground engineering
structures and surrounding rock masses is inflicted. New challenges
are faced by defense and underground protection engineering which
demand novel capabilities to resist explosions. In order to ensure
the safety of underground engineering in modern warfare, support
structures with excellent blast resistance are selected (Lietal,
2023a). The reinforcement and support of underground engineering
have become a focal point of concern (Renetal, 2023). The
renewal and replacement of support structures are being driven
forward (Lietal, 2023b). The damage caused by the explosion
shockwaves on the underground chambers and chamber groups is
multifaceted (Zhu et al., 2022). More advanced methods of support,
enhanced blast resistance of chambers and a refined protective
engineering system are areas of focus. Concrete lining, anchor
rods, and anchor cables are the most widely used support methods
currently. The blast-resistant support measures for underground
chambers are divided into anchoring and composite structural
resistance. Anchor rods or anchor cables serve as the primary
load-bearing structures in anchoring-type blast-resistant support
structures. New composite linings are employed to enhance the blast
resistance of support structures in composite structural resistance.

Yang Xuelian et al. (2009) and Jingmao et al. (2012a) conducted
model experiments based on Froude similarity theory. The influence
of anchor rod length on the blast resistance of the chamber
was studied. The stress of the chamber surrounding rock was
increased, by increasing the length of the anchor rod. The rock
mass properties are enhanced, and rock deformation is restricted.
However, the reinforcement effect of the anchor rod decreases as
it increases to a certain length. This exacerbates the movement of
the chamber. The support effect is optimal when the length is one-
third of the span of the chamber. Ganchen et al. (2014) proposed a
method of rock mass external cross anchoring. Experimental models
were created for blast testing. The peak displacement and residual
deformation values of the chamber decrease after cross anchoring.
Cross anchoring method effectively limits the deformation of the
chamber. Jingmao etal. (2012b) conducted model experiments.
The reinforcement effects of locally lengthened anchor rods and
equally lengthened anchor rods at the arch foot were compared.
The localized extension of the anchor rod at the arch foot increases
the explosive load on the arch at smaller explosion distances.
However, lengthening the anchor rods was able to bear or transfer
the explosive load on the arch part when the distance to the
explosion center was small. The blast resistance was enhanced
by reinforcing the arch. Yangetal. (2015) conducted research on
the blast model experiments of chamber roofs. The potential for
using the deformation parameters of the cavern as indicators
of dome stability was explored following an analysis of dome
deformation and acceleration response patterns. The effectiveness
of acceleration in determining stability was found to be inadequate.
The reinforcement effect of longer closely spaced anchor rods is
better when the spacing between the anchor rods is the same.
However, the effectiveness of anchoring decreases with excessive
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length. Honglu and Zhang (2013) utilized the AUTODYN software
to establish a three-dimensional coupled system model in the study
of lining structure support. The dynamic response and damage
mechanism of the lining structure were investigated under explosion
conditions within the tunnel. The damage primarily occurred at
the connections of the floor slab, side walls and arch ribs. The
lining structure has high reinforcement rate, high strength of
surrounding rock and good anti-explosion performance. Liu et
al. (2024) utilized finite element software ANSYS/LS-DYNA. The
damage characteristics of tunnel lining structures are analyzed
under explosive loads based on the principle of energy. The dynamic
response of each part is reflected by the explosive energy of the lining
structure. The manner and extent of damage to the lining structure
vary at different explosion source positions. Chen etal. (2019)
employed the LS-DYNA finite element software. The dynamic
responses of conventional lining structures and foam concrete
composite structures were compared and analyzed under near-
blast conditions. The results indicated that when the shock wave
propagated from hard to soft media. The incident wave and reflected
wave reversed direction. The load on the lining structure weakened.
The foam concrete interlayer has an efficient wave-absorbing and
energy-dissipating effect when incident waves and reflected waves
propagate in the same direction in soft-hard media. Wang et al.
(2015) utilized the ANSYS/LS-DYNA software. Models were created
for both single-layer lining structures and foam concrete composite
lining structures. The dynamic responses were compared under
explosive loads. The characteristic deformations were revealed
by the results. The single-layer lining structure exhibited vertical
compression and lateral expansion. The best blast resistance is
achieved when the thickness ratio of the outer to inner layers in
the composite lining structure is between 1/2 and 1/3. Liu et al.
(2018) established a three-dimensional finite element model. The
blast resistance performance of ultra-high-performance steel fiber
reinforced concrete tunnel lining was analyzed. Various parameters
were taken into account for their influence, such as burial depth,
explosion direction and steel fiber content. The excellent blast
resistance of high-strength concrete lining has been demonstrated
by the results. The location of the blast source and the burial depth
have a noticeable impact on exacerbating the damage to the lining.
The best performance in blast resistance for the lining is achieved
when the optimal steel fiber content is 2.5%.

The effectiveness of anchoring systems in blast resistance
support is crucial as evidenced by current research findings in blast-
resistant support structures (Yongming etal., 2008; Zhang et al.,
2014; Yuchenetal, 2021; Sunetal, 2022). Anchoring systems
constitute a significant proportion of blast-resistant support designs
whereas the proportion of single lining support is relatively small.
The analysis has been solely focused on the support effects to
elucidate the distinctive characteristics of the two support measures.
Prestressed anchor reinforcement of tunnel rock masses belongs
to the category of “active support” measures in comparison to
lining support. Prestressed anchors offer a wide range of selectable
lengths and high load-bearing capacity (Yangetal., 2009; Zhou
and Zhu, 2010; Feng et al., 2011; Jiang et al., 2019; Tan et al., 2021).
The deformation of the tunnel rock mass is constrained by the
prestressed anchor rods which are directly embedded into the
surrounding rock mass. Most studies are based on the joint support
of anchoring and lining, focusing on the blast resistance of anchored
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chambers. The existing research analysis is limited when it comes
to determining whether the mechanisms of action for anchoring
and lining support may share similar characteristics or exhibit
differences (Liu et al., 2024; Zhang et al., 2023).

The impact of underground chamber’s resistance to explosions
and the influence of support parameters on its resistance have been
studied under the dynamic-static coupling conditions of lining and
prestressed anchor support (Yang and Fan, 2007; Sun et al., 2010). A
well-performing chamber with a straight wall and arched roof shape
was selected as the subject for support research. The influence of
excavation unloading on the support structures has been examined.
The resilience to explosions of underground chambers has been
investigated under the support of singular concrete lining and
solitary prestressed anchor reinforcement.

2 Methodology

Pre-stressed anchors and linings are being separately studied
under the impact of explosive ground loads to investigate the
supporting effectiveness and characteristics of two types of
support structures. The dynamic loads remain consistent without
considering the static load effects of excavation unloading in
the cavern. The feasibility of a single support when considering
dynamic-static coupling effects is not being considered. A
reasonable support concept is proposed based on the research
findings. The surrounding rock conditions are classified as Class I1I,
with a scaled distance of 9.28 m/t'”> and a peak explosive ground
load of 6.5 MPa. The lateral pressure coeflicient is set at 1.2, with a
depth of 500 m. The duration of the ground load uplift is 0.02 s, and
the depression duration is 0.04 s.

2.1 Model and parameters

The mechanical response of the lining can only be described
during the elastic stage when the lining is treated as an elastic
material, under the action of explosion-induced ground shock loads
in caverns supported by lining. The initiation and propagation of
cracks in concrete cannot be described by elastic constitutive models,
resulting in nonlinear mechanical behavior and stiffness degradation.
The Concrete Damaged Plasticity Model (CDP model) is a professional
model used to simulate the mechanical behavior of concrete in terms of
elastoplastic damage (Neuberger et al., 2023). This model is available
in the Abaqus software. Tensile cracking and compressive crushing
are assumed to be the two primary mechanisms of failure, in concrete
materials in the CDP model (Mohammed et al., 2023). The stiffness
degradation of concrete is accounted for during the plastic deformation
stage. This model can be employed for numerical simulations of
concrete subjected to single, cyclic and dynamic loads, under low
confinement conditions. The actual mechanical behavior of the lining
is analyzed, from a damage perspective in the CDP model. The
destructive nature and extent of the lining are reflected, under the
action of ground loads.

The stress follows a linear elastic relationship in uniaxial
tension until it reaches the ultimate strength, as illustrated in
Figure 1A. Microcracks are initiated within the concrete, when
the stress reaches the ultimate strength (Ferrottoetal, 2018).
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The macroscopic stress-strain softening response of the concrete
structure is induced when the stress exceeds the ultimate strength,
leading to the expansion of microcracks. This results in unloading
in the non-elastic stage and subsequent degradation of concrete
stiffness. The uniaxial compression process of concrete follows a
similar principle.

Damage factors and initial stiffness are employed to describe
the degradation of concrete stiffness in the non-elastic stage in the
CDP model (Hafezolghorani et al., 2017). The stiffness of concrete is
represented as:

E=(1-d)E, 1)

Under uniaxial cyclic loading conditions, the damage factor is
assumed to be:

(1-d)y=(1-sd)(1-s.d,) ()

Where d, and d, is the damage factors under uniaxial tension
and uniaxial compression, respectively. A value of 0 indicates
undamaged concrete, while a value of one signifies complete
damage. Where s, and s, is the stress state function.

The damage factor is determined based on Li et al. (2017) energy
equivalence principle. The calculation method is as follows:

o
d:l— E_Og (3)

Where o is the actual stress of the concrete, ¢ is the actual strain
of the concrete.

According to the “Code for Design of Concrete Structures”
(GB50010-2011), the equation for the stress-strain curve of concrete
under uniaxial tension is formulated as:

0,=(1—-d,y)Eye 4)

1-p[12-02x] x<1
diy = Py ®)

— "t x
o (-1 +x

x= L ©6)
etu
fe
= 7
Pt Eostu ( )

Where d, is the evolution parameter of concrete uniaxial tensile
damage. f, is the concrete uniaxial tensile strength, as provided by the
code. ¢,,, is the ultimate tensile strain of concrete. &, is the parameter
value of the plastic stage of the stress-strain curve.

The equation for the stress-strain curve of concrete under
uniaxial compression is calculated as follows:

0. = (1-dy)Epe (8)

1-p e, +(3-2a,)x+ (e, —2)x*] x< 1

dy= 9
07— x>1 ©)
zxd(x—l)2+x
x= 2 (10)
SCL{
e
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PC Eoecu ( )
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Uniaxial tension-compression relationship of CDP model. (A) Uniaxial tensile constitutive relationship. (B) Uniaxial compressive constitutive relationship.

Where d,, is the evolution parameter of concrete uniaxial
compressive damage. f. is the concrete uniaxial compressive
strength. ¢, is the ultimate compressive strain of concrete. The
parameter «, and «, respectively represent the values of the
ascending and descending segments of the concrete uniaxial stress-
strain curve.

Once the stress-strain curve relationship is obtained, the data
of stress-nonlinear strain and damage factor-nonlinear strain input
into the ABAQUS software need to be determined. The nonlinear
strain is calculated from Eq. 13:

(12)

(13)

Where ¢, is the elastic strain calculated according to the initial
stiffness of the concrete. ¢;, is the nonlinear strain input into the
ABAQUS software.

The mechanical parameters of the concrete lining for numerical
simulation are provided in Table 1. Based on Egs. 1-13 and the
parameters given in Table 1, the data required by ABAQUS software
can be calculated. As shown in Table 2.

2.2 Simulation of prestressing anchor
cables in ABAQUS

Truss elements are utilized to model the elements of steel cable
structures, in the ABAQUS software simulating anchor cables are
convenient. These elements are solely capable of bearing axial loads
and do not possess the capacity to withstand shear forces or bending
moments. The coupling between the anchor and the rock mass
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is established through the Embedded command, embedding the
anchor within the rock mass. The prestressing of the anchor is
implemented using the temperature reduction method with the
temperature to be set determined by Eq. 14.

AT = -N/(AaE) (14)

Where AT is the prescribed temperature change. N is the
designed axial force of the anchor. A is the cross-sectional area of
the anchor. « is the linear expansion coefficient of the anchor. E is
the elastic modulus of the anchor.

The parameters associated with pre-stressed anchors are
depicted in Table3. The arrangement of the anchors is
illustrated in Figure 2. The spacing between the anchor cables is
3.4 m. Five anchors are positioned at the crown, two at the sidewalls
and three at the base of the wall. The anchors on the left half of the
tunnel are numbered one to 7.

3 Results

3.1 The study of the blast resistance
performance of the cavern under lining
support

The displacement cloud map of the surrounding rock of the
tunnel chamber is depicted in Figure 3 under the conditions of
no support and 40 cm lining support at the final stage. The
maximum horizontal displacement of the sidewall in the middle
of the underground chamber is 0.0312 m under the unsupported
condition. The maximum displacement decreases to 0.0310 m. This
indicating a reduction of 0.6% under the support condition. The
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TABLE 1 Mechanical parameters of concrete.

Concrete
strength grade

Density (kg/m

%)

Poisson’s ratio

Axial
compressive
strength (MPa)

Axial tensile
strength (MPa)

10.3389/feart.2024.1423731

Initial elastic
modulus (GPa)

‘ C60

2,400 0.2 45.6 2.85 36
Eccentricity fio/fe Viscous parameters K Dilation angle (°)
0.1 1.16 0.0005 0.6667 040

Bold value means the ratio of the second stress invariant on the tensile meridian.

TABLE 2 Stress, damage factor and inelastic strain of C60 concrete.

a. (MPa) Ecin d. a; (MPa) Etin d;
40.65642 0.00017 | 0.06903 2.58658 0.00002 | 0.11407
43.45936 0.00028 | 0.09964 277508 0.00003 | 0.13483
45.08661 0.00042 | 0.13539 2.85000 0.00004 | 0.16822
45.60000 0.00059 0.17510 2.50681 0.00007 0.28788
42.42636 0.00106 | 0.27365 2.06334 0.00010 | 0.40186
36.29218 0.00160 | 0.37804 1.71209 0.00014 | 0.49033
30.30054 0.00214 | 0.46840 145153 0.00017 | 0.55755
25.36287 0.00265 | 0.54145 1.25711 0.00019 | 0.60938
21.48863 0.00313 | 0.59959 1.10875 0.00022 | 0.65023
18.47000 0.00358 | 0.64605 0.99272 0.00025 | 0.68312
16.09780 0.00402 | 0.68363 0.89988 0.00027 | 0.71014
14.20747 0.00445 | 0.71444 0.82408 0.00030 | 0.73271
12.67811 0.00486 0.74006 0.76110 0.00032 0.75183
11.42245 0.00527 | 0.76164 0.55871 0.00044 | 0.81586

maximum vertical displacement of the tunnel chamber occurs at
the mid-section is —0.0289 m under the unsupported condition. The
maximum displacement decreases to —0.0270 m under supported
conditions. The reduction reached 6.57%. The displacement peak
decreases from —0.0330 m to —0.0308 m under the condition of
lining support. The reduction reached 6.67%, as shown in Figure 4.

A portion of the energy is absorbed by the lining material,
causing attenuation of the surrounding rock’s vibration response as
the blast stress wave penetrates into the concrete lining (Honglu
and Zhang, 2013; Xiao et al., 2014; Ji et al., 2021; Chen et al., 2022;
Zhu et al., 2023). A reduction in peak vibration velocity at the
crown joints is observed under the effect of lining support as
depicted in Figure 5. The velocity decreases from —0.6479 m/s
under unsupported conditions to —0.5416 m/s under supported
conditions. The energy-absorbing effect of the lining support is
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evidenced by the reduction in peak vibration velocity at the
crown joints.

The evolution of tensile and compressive damage in the lining
over time is depicted in Figure 6. The process of compressive damage
evolution in the lining is illustrated in Figure 6A. Compressive
damage appears on the outer side of the middle section of the lining,
increasing with time (at ¢ = 0.072 s). The extent of compressive
damage expanded inward from the outer side of the tunnel wall.
(at t = 0.3s). The maximum compressive damage in the middle
section of the sidewall reaches 0.012. There is no significant change
in the range of compressive damage at the corner of the wall. The
extent of compressive damage at the wall corner increased slightly
from 0.042 to 0.047. The evolution of tensile damage in the lining
is depicted in Figure 6B. Tensile damage appears on the inner side
of the lining arch at t = 0.094s. The range of tensile damage
in the lining expands at t = 0.3 s. It gradually spreads from the
inner side of the arch towards the outer side and both ends. Its
maximum is reached at the arch crown. (with a value of 0.741). The
tensile damage reaches its peak (with a value of 0.741) as it spreads
from the inner side of the arch towards the outer side and both
ends. This signifies severe damage. The tensile damage gradually
spreads from the base of the wall towards the middle of the wall.
Its maximum is reached (0.781) at a distance of 0.833 m from the
outer edge of the wall. It is evident that the tensile damage caused
by the explosion’s stress waves on the lining is more severe than the
compressive damage based on experimental data (Ren and Chunxia,
2016; Zhang et al., 2016; Chen et al., 2020).

The objective of lining support is to restrain the deformation
of the surrounding rock mass and reduce the vibration response
of the rock mass (Wang et al., 2010; Zhida et al., 2010; Zhou et al.,
2021). The impact of lining support on the effectiveness of support
is discussed with four lining thicknesses of 40 cm, 60 cm, 80 cm, and
100 cm being selected. Different thicknesses of lining are compared
and analyzed for their impact on the effectiveness of support.
The peak displacement and the displacement during the stable
deformation stage of the arch crown node in the vertical direction
are gradually decreasing with the increase in lining thickness. This
trend is illustrated in Figure 7. The peak vertical displacement of
the crown node reaches its minimum value of —0.0299 m when the
lining thickness reaches 100 cm. This represents a decrease of 9.40%
compared to the displacement under unsupported conditions.
Additionally, the vertical displacement of the crown node decreases
by 10.03% during the stable stage.

The peak vertical velocity of the crown joint in the chamber is
reduced with the increase in lining thickness as depicted in Figure 8.
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TABLE 3 Mechanical parameters of prestressed anchor cable.

10.3389/feart.2024.1423731

Pre-stressing Anchor cable Number of steel Nominal Elastic modulus  Failure load (kN)
load (kN) diameter (mm) strands cross-sectional of steel strand
(tendons) area of steel (GPa)
strand (mm?)
1,000 ®115 7 1,276.87 210 1867.02
2000 ®140 12 2,188.92 210 3,281.77
3,000 D165 19 3,465.79 210 5,213.46
4,000 165 19 3,465.79 210 5,213.46

L
\

Unit : m

FIGURE 2
Schematic diagram of arrangement of prestressed anchor cables.

The vertical peak velocity of the crown joint in the chamber decreases
when the lining thickness reaches 100 cm. The peak vertical velocity
of the crown joint in the chamber decreases from —0.6479 m/s under
unsupported conditions to —0.4889 m/s. The chamber’s kinetic energy
also decreases with the increase in the thickness of the lining as the
vertical vibration velocity of the chamber’s vault joint decreases. The
lining absorbs an increasing amount of stress wave energy. The kinetic
energy of the tunnel decreases.

The tensile and compressive damage of the lining decreases with
increasing lining thickness as depicted in Figure 9. The maximum
tensile and compressive damages are observed (with maximum values
of 0.5651 and 0.0324, respectively) when the lining thickness reaches
100 cm. The distribution of tensile damage in the lining shifts from
the inner side of the bottom of the sidewall towards the outer side.
The range decreases with the increase in lining thickness. The tensile
damage in the arch section is primarily concentrated at the crown with
the maximum damage still observed on the inner side. The extent and
severity of tensile and compressive damage in the lining both decrease

Frontiers in Earth Science

as the thickness of the lining increases. This indicated by the pattern of
damage distribution. The bearing capacity of the lining increases. But
the tensile damage caused by stress wave reflection cannot be avoided
by simply increasing the thickness of the lining.

3.2 The study of the blast resistance
performance of the cavern under
prestressed anchor support

The pre-stress of the anchor is set to 1000 kN under the same
loading conditions, including explosion-induced ground impact
loads and initial stress fields. The deformation analysis of the cavern
under the support of the anchor is studied. The displacement of
the surrounding rock in the chamber is significantly reduced under
the support of pre-stressed anchors, as observed when comparing
Figures 3-Figures 10. The maximum horizontal displacement at
the middle of the side wall decreased to 0.0274 m, representing a
reduction of 12.18%. Similarly, the maximum vertical displacement
decreased to —0.0262 m, indicating a reduction of 9.34%. The
effectiveness of the supporting structure can be fully realized when
considering the unloading effect of tunnel excavation.

The overall variation of displacements at the crown joint of
the cavern is observed to decrease, under the anchoring effect of
pre-stressed 1000 kN anchors in Figure 11. A slight decrease in
displacement is observed at the dome nodes of the tunnel, due to
the proactive tensioning effect of the pre-stressed anchors. A slight
decrease (from —-0.0168 m to —0.0165 m) is observed, occurring at
the dome nodes of the tunnel approximately between three and
3.05 s. The reduction reached 1.81%. The peak vertical displacement
at the dome node decreases to —0.0304, with a reduction of 7.88%.

The energy of the stress wave is absorbed by the lining support,
resulting in a reduction in the cavern's kinetic energy. The vibration
response of the cavern is weakened, with the anchor support
structure. The vertical vibration velocity of the cavern dome joint
decreases to —0.5752 m/s, under the condition of 1000 kN pre-
stressed anchor support. The reduction was achieved by 11.23%,
as depicted in Figure 12. The capacity to slow down the velocity of
chamber vibrations is weaker, compared to the 40 cm lining support.

The blast resistance of the chamber under pre-stressed anchor
cable support has been enhanced, under the action of stress waves.
Attention is given to whether the anchor cables are operating within
their strength range. The anchor cables are symmetrically distributed

frontiersin.org
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FIGURE 3

Equivalent plastic deformation of cavern with and without lining. (A) Horizontal displacement of unsupported cavern rock. (B) Vertical displacement of

unsupported cavern rock. (C) Horizontal displacement of supported cavern rock. (D) Vertical displacement of supported cavern rock.

and subjected to symmetrical forces, as depicted in Figure 13. The
time history curve of the axial force of the pre-stressed anchor
cable on one side of the chamber is taken as an example. The
peak axial force of the fourth anchor cable is the largest among all
peak axial forces of the pre-stressed anchor cables (with a value of
1,132.03 kN), representing a relative increase of 14.04% compared
to the initial pre-stress. It does not exceed the ultimate load-bearing
capacity (with a value of 1867.02 kN), located near the middle of the
chamber’s side wall. The peak axial force of the seventh anchor cable
is the smallest (with a value of 999.00 kN), located at the middle
of the bottom wall. The increase is 0.69%. The peak axial force of
the third anchor cable is the largest (with a value of 1867.02 kN),
positioned at the arch section. The increase is 4.48%. The initial
pre-tension applied to the anchor cables is roughly the same across
different locations. The dynamic response of the sidewall is greater
than that of the arch position when there are different increases in
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peak axial force, under the effect of stress waves. These observations
are made under the condition where the impact of excavation loads
on the chamber is not taken into account.

The axial force of the pre-stressed anchors is designed to be
1000 kN, 2000 kN, 3000 kN, and 4000 kN, based on the anchor
parameters. The deformation and dynamic response of the cavern
are reflected, through the curves of vertical displacement and
vertical vibration velocity at the crown joints. The increase in
axial force of the pre-stressed anchor did not alter the pattern of
displacement at the crown joints, as depicted in Figure 14. The
peak displacement at the crown joints decreases as the axial force
increases. When the axial force reached 4000 kN, the displacement
peak was minimized (value is —0.0291 m). The decrease compared
to the unsupported condition reached 11.85%.

The peak vibration velocity at the crown joints decreases
with the increase in axial force of the pre-stressed anchor
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FIGURE 5
Vibration response of vault joints.
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bolt, as depicted in Figure 15. The peak vibration velocity
at the crown joints is minimized to —0.5639 m/s, when the
axial force of the anchor bolt reaches 4000 kN. The decrease
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in peak vibration velocity compared to the unsupported
condition reached 12.96%. The reduction magnitude of the
peak vertical vibration velocity at the crown joints decreases
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Damage distribution of lining under tension and compression. (al) t=0.072s. (a2) t = 0.3 s. (A) Lining pressure damage contour map. (bl) t = 0.094 s

(b2) t = 0.3 s. (B) Lining tension damage contour map.

as the axial force of the anchor bolt increases, as observed
from the trend of the curve. The capacity of pre-stressed
anchor bolts to alleviate the chamber’s vibrational response
is limited. Increasing the pre-stressed force of the anchor
bolts is more effective than reducing the vibrational response
of the chamber.
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4 Discussion

4.1 Comparative analysis

The dynamic response of the cavern has been investigated,

under the support of both lining and prestressed anchor cables. The
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blast resistance of the cavern is enhanced by these two types of
support structures. The similarities and differences between lining
support and pre-stressed anchor support need to be studied, in
terms of their supportive effects. The similarities and differences
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between the two types of support are analyzed. This is done
from the perspective of residual deformation and changes in
vertical vibration velocity of the vault joints. The difference in the
effectiveness of increasing the pre-stress of the anchor cables and
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damage of lining with 60 thickness. (C) Compression damage of lining with 80cm thickness. (D) Tension damage of lining with 80 thickness. (E)

Compression damage of lining with 100cm thickness. (F) Tension damage of lining with 100 thickness
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Displacement cloud map of cavern under the action of prestressed anchor cable support. (A) Horizontal displacement. (B) Vertical displacement.
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the thickness of the lining in restricting the deformation of the
chamber walls is minimal, as illustrated in Figure 16. The residual
deformation of the tunnel vault joints is smaller than that of the
concrete lining support with different thicknesses, under various
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conditions of pre-tensioned anchor cable support. The minimum
residual deformation of the cavern surrounding rock (value is
0.0090 m) is observed, under the 4000 kN pre-tensioned anchor
cable support.
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FIGURE 12

Vertical vibration time-history curve of cavern vault joint under the

action of prestressed anchor cable support.

The differences in vibration response of the tunnel are evident,
when comparing Figures 8,15. The vertical peak velocity at the
crown joints decreases to —0.4889 m/s, when the thickness of
the lining reaches its maximum of 100 cm. The vertical peak
vibration velocity of the crown node decreases to —0.5639 m/s, when
the pre-stressed anchor reaches its maximum value of 4000 kN.
The difference between the two different support structures is

10.3389/feart.2024.1423731

significant, when reducing the vibration response of the cavern.
The performance of lining support is better than that of prestressed
anchor support. The effectiveness of masonry support is better than
that of pre-stressed anchor support. Increasing the thickness of the
lining is more effective than increasing the pre-stress of the anchor,
in reducing the vibration response of the surrounding rock mass of
the tunnel. Increasing the thickness of the lining is the most effective
approach, in design for attenuating the vibration response of the
surrounding rock mass of the tunnel.

4.2 The impact of cavern excavation
unloading

The effect of tunnel excavation unloading on the effectiveness
of the two support structures under single support conditions
was not considered, and an analysis was conducted on this
matter (Wenbo et al., 2008; Peng et al., 2009; Bai et al., 2014). The
supportive characteristics of the two structures are reflected under
dynamic conditions. The impact on the supportive structure needs
to be considered, during the actual excavation of the cavern in
engineering practice. The effectiveness of a single support structure
within its strength range during tunnel excavation unloading
needs to be investigated, under conditions of high ground stress.
The method of softening modulus is adopted, in the numerical
simulation method using ABAQUS software. The elastic modulus of
the surrounding rock is reduced to 5 GPa. The softening of the elastic
modulus is achieved through variable setting. The operation of the
ABAQUS software is modified to activate the masonry or anchor
elements, following the softening of the rock modulus and before the

FIGURE 13
Axial force time-history curve of prestressed anchor cable.
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Vertical displacement of vault joints under the condition of prestressed anchor cable support with different axial forces.
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Tension and compression damage distribution of lining after cavern excavation. (A) Compression damage cloud map. (B) Tension damage cloud map.

excavation step. The effect of excavation unloading on the support
structure is taken into account, during the excavation of the cavern.

The ability of the two support structures to withstand the
excavation unloading of the cavern is compared, during the analysis
process. The anti-explosion effect of the support structure is
studied to provide design guidelines, under dynamic-static coupling.
The excavation unloading of the cavern is considered under the
condition of single masonry support, as depicted in Figure 17. A
large area of compressive damage (occupying 83.33% of the arch
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area) has already been observed on the cavern roof, with values
ranging from 0.015 to 0.338, apart from the maximum compressive
damage at the wall corners caused by stress concentration effects.
The range of tensile damage values is relatively smaller compared to
compressive damage (0.018-0.215). The distribution area is narrow,
primarily concentrated within approximately 2.5 m on either side of
the middle section of the wall base. The maximum tensile damage
(0.215) is observed at both ends of this range. The excavation
load of the 40 cm cavern cannot be borne by the C60 concrete
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FIGURE 19
Cloud map of surrounding rock displacement of cavern considering unloading condition of cavern excavation. (A) Horizontal displacement of cavern.
(B) Vertical displacement of cavern.

lining. Further dynamic actions will only exacerbate the cracking
of the lining, rendering single lining support impractical in deeply
buried caverns.

The anchor support is employed with a pre-stress of 1000 kN.
The excavation load of the cavern is borne during the trial
calculation process. The time-history curve depicting the axial
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force variation over the entire length of the anchor is illustrated
in Figure 18. The distribution of stress magnitude in the anchor
has changed compared to Figure 13. The 7# anchor at the
bottom of the wall is affected, by the excavation load of the
surrounding rock of the cavern. The initial axial force is the
largest, and the peak axial force is also the largest (with a
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Vertical displacement time-history curve of vault joints under the condition of cavern excavation and unloading.
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FIGURE 21
Vertical vibration time-history curve of cavern vault joint under the action of prestressed anchor cable support.

magnitude of 1,668.18 kN). All anchors are operating within the increase is observed in the fourth anchor, with a relative rise
strength range, as showed in Table 3. The increase in axial force  of 192.30 kN compared to the initial axial force, representing an
is not at its maximum, under dynamic conditions. The largest = enhancement of 11.94%.
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The impact of excavation unloading on the support structure is
taken into account, under conditions of deep excavation within the
cavern. Extensive compression fractures have emerged within the
masonry, leading to a decrease in load-bearing capacity. The degree
of damage to the masonry is exacerbated by subsequent dynamic
loading. The dynamic-static coupling effect cannot be borne by a
single masonry support. The increase in axial force of the anchor
is substantial during the excavation unloading phase. The coupled
effect of unloading and dynamic loads of the cave excavation can
be taken up, when the strength is effective. The true stress state of
the support structure is reflected, when considering the unloading
effect during cavern excavation. It is advantageous for proposing a
reasonable support design concept.

The effectiveness of pre-stressed anchor support has been
enhanced, as depicted in Figure 19 Considering the excavation and
unloading of the chamber. The maximum horizontal displacement
of the surrounding rock of the cavern is reduced to 0.0259 m. The
maximum horizontal displacement of the chamber’s surrounding
rock is reduced by 5.43%, compared to the condition without
considering excavation and unloading of the chamber. The
maximum vertical displacement decreases to —0.0242 m, indicating
a reduction of 7.56%.

The displacement at the apex of the arch significantly decreases
when the effect of excavation and unloading of the chamber
is taken into account in Figure 20, as compared to Figure 12.
The initial displacement of the crown node decreases from
-0.0165m to —0.0116 m, representing a reduction of 29.70%.
The peak displacement decreases from —0.0304 m to —0.02679 m,
without considering excavation and unloading. The reduction
reached 11.88%.

The maximum velocity at the crown joint reaches —0.6294 m/s,
as showed in Figure21. Compared to the peak velocity of
-0.5752m/s when excavation unloading is not considered,
increased by 9.40%. The vertical vibration velocity of the crown joint
increases. The vertical vibration speed of the crown joint increases,
when excavation and unloading of the cavern are considered.
This is because the deformation of the surrounding rock is more
effectively restrained by the pre-stressed anchor bolts. The energy
transformed into deformation in the cavern is less, under the
same dynamic loading conditions. More energy is converted into
vibration of the surrounding rock in the cavern. The peak vibration
velocity is higher.

5 Conclusion

Most studies are based on the combined effects of anchoring
and lining. However, existing research is insufficient when it
comes to analyzing the mechanisms of anchoring and lining
support. It is more beneficial to study these methods individually
to understand their respective mechanisms under blast loading.
In practical engineering, this approach can help improve project
quality, reduce costs, and minimize the likelihood of accidents. The
blast resistance of underground caverns and the influence of support
parameters on blast resistance have been studied, when lining and
pre-stressing anchors are supported individually under dynamic
and static coupling. The study focused on straight-walled arched
caverns, chosen for their strong blast resistance. The influence of
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excavation unloading on the support structure was analyzed, under
the condition of a burial depth of 500 m. The blast resistance of the
cavern was examined, encompassing both singular concrete lining
support and singular pre-stressed anchor bolt support. The following
conclusions were drawn.

(1) The deformation and vibration response of the surrounding
rock in the cavern were studied. The effectiveness of singular
concrete lining support without considering the excavation
unloading was examined, along with the distribution of tensile
and compressive damage in the lining. The research findings
suggest that the damage is more severe, at both ends of the
lining’s arch and at the bottom of the wall. The vibration
velocity of the surrounding rock decreases with increasing
liner thickness. The values and range of tensile and compressive
damage in the lining are also reduced. The effect is more
pronounced, when the energy of the explosion stress wave is
absorbed by the concrete lining acting as “passive” support.
The vibration response of the cavern is reduced and the
restriction on surrounding rock deformation is stronger, when
pre-stressed anchor bolts act as “active” support.

(2) The anti-explosion support characteristics of single support
structures were compared and analyzed, by varying support
parameters. The research findings indicate that pre-stressed
anchor bolts significantly limit the deformation capacity of
surrounding rock, while lining is more effective in restricting
the vibration response of surrounding rock. Enhancing
the axial tension of the pre-stressed anchor bolts from
1,000 to 4000 kN, elevating the masonry thickness from
40 to 100 cm. The reduction in rock deformation ranges
from 7.88% to 11.85% and from 6.57% to 9.40%. The
decrease in vibration velocity ranges from 11.23% to 12.96%
and from 16.07% to 24.54%. The support system limits
the dynamic response capacity of the cavern within a
certain range.

(3) Extensive compression damage distribution is observed in
the masonry during the excavation and unloading phase,
under the coupling effect of static and dynamic loads. The
blast-induced ground loading cannot be further sustained.
However, the pre-stressed anchor bolts ensure operation
within the strength range throughout the entire process, with
no alteration in load-bearing capacity.

(4) A conceptual design for the blast-resistant support of
underground caverns has been proposed, under the influence
of dynamic-static coupling. Increasing the thickness of the
lining can reduce the vibration response of the cavern.
Meanwhile, enhancing the pre-stressed anchor bolts within
a certain range notably restricts the deformation response
of the cavern. Therefore, pre-stressed anchor bolts should be
employed as the supporting structure to bear the excavation
and unloading loads of the cavern.
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