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Abstract

The damage of deep anchorage cavern is a key index to judge the stability of underground engineering, but the existing
damage analysis of deep anchorage cavern does not consider the influence of dynamic-static coupling and in-situ stress at
the same time. To investigate the damage law of the deep anchorage cavern, the damage evolution process of the deep
anchorage cavern under top explosion was analyzed by using numerical simulation method, the influence of in-situ stress
on that was also explored, and the corresponding failure forms were obtained. Results show that under the top explosion,
the tensile and compressive damage to the vault is mainly influenced by the dynamic loading, which of the floor is
mainly affected by the static loading. With the increase of hydrostatic confining pressure, the failure mode of the vault is
from the overall collapse of the anchoring area to the local peeling off of the free surface of the cavern, and the floor
heave becomes more serious. As the lateral pressure coefficient increases, the anchorage cavern is most stable under the
hydrostatic pressure, and only the local peeling occurs on the free surface of the cavern arch. When the lateral pressure
coefficient is less than 1.0, the local anchoring zone above the anchorage cavern will form penetration directly. When the
lateral pressure coefficient exceeds 1.0, the overall collapse may occur from the explosion source to the anchorage cavern.

The obtained conclusions can provide the basis and reference for the similar deep cavern support.
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1. Introduction

With increase of the demand for resources and energy, the
development and utilization of deep underground space
become a necessary requirement. Therefore, the safety and
stability of the deep underground engineering will become
the focus of attention. For the deep underground engineering,
the geological structure makes the surrounding rock in a
higher initial stress state. The mechanical properties of the
surrounding rock of the anchorage cavern are inevitably
affected by the high in-situ stress [1-3].

Currently, the deep cavern often suffers the disturbance
of the high in-situ stress and dynamic loading at the same
time, the stability of the deep cavern under the dynamic
disturbance is an unavoidable problem to ensure the safety
of the underground engineering. Although many scholars
have studied the dynamic response of the anchorage cavern
from the perspective of the form and position of dynamic
loading and different bolt support designs, the damage
analysis of the deep anchorage cavern has not considered the
influence of dynamic-static coupling and in-situ stress [4-7].

Since the damage of the deep anchorage caverns is a key
indicator to judge the stability of underground engineering, it
is very meaningful to study the dynamic response of the
deep cavern under dynamic disturbance.
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2. State of the art

As a convenient and economical underground engineering
reinforcement technology, the anchor reinforcement has
been widely used in geotechnical engineering such as coal
mines, metal mines, water conservancy, tunnels and national
defense. Considering the dynamic response of the anchoring
projects under dynamic loading, some scholars have done
lots of work and achieved many fruitful results.

For the underground engineering built in the shallow
depths, the damage of the underground engineering under
dynamic load was weakly affected by the in-situ stress.
Based on-site monitoring, Singh studied the blast vibration
damage to the underground coal mines from the adjacent
open-pit blasting [8]. Wang et al. found that the excavation
damaged zone around the roadways under the dynamic load
was larger than that under the static load [9]. By using
physical tests, Gu et al. researched the dynamic response and
damage law of the surrounding rocks and supporting
structures of the anchoring cavities under the explosion
loading [7, 10, 11]. Wang et al. investigated the mechanical
behavior of fully-grouted bolt in jointed rocks subjected to
double shear tests [12]. Wang et al. revealed the force
mechanism of the bolt under the dynamic loading and he put
forward the failure patterns and failure criteria of the
anchored bolt of the circular roadway [13]. Compared with
the behaviors of three types of fully grouted rockbolts under
dynamic loading, Mortazavi & Fatemeh pointed that the
yielding rockbolts were the best choice [14]. Based on the
neutral point theory, Zhou et al. proposed a new numerical
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simulation method for the fully grouted bolt under the
seismic loading, and they found that the bolts could
effectively limit the damage zone and the deformation of the
surrounding rock [15]. Deng et al. believed that the bolt-
supported tunnel subjected to blast-induced shock wave
experienced relatively small damage compared to the non-
supported tunnel [16].

Through on-site monitoring, Nick & Woo found that the
failure in the 1150 m drift would be damaged after numerous
successive blasts in an adjacent tunnel, and they proposed
the corresponding anti-blasting measures [17]. Ortlepp et al.
studied the reinforcement of the large deformation tunnels
under the static and dynamic loading, and they pointed out
that the yield bolt could absorb a large amount of energy
without showing any damage [18]. Wu et al. analyzed the
dynamic response characteristic of the deep anchored
surrounding rock under the impact loading by the field tests
[19]. As stated by Li et al. that the in-situ stress influenced
the failure mode, dynamic stress concentration, energy
evolution and damage zone of the underground tunnels
subjected to the blasting loads [20-22]. Wang et al
investigated the effects of in-situ stress on the damage zone
of the underground cavern under the seismic loads [23].
However, most of the existing studies considering dynamic-
static coupling and in-situ stress pay more attention to the
dynamic responses of the unsupported cavern.

Although the dynamic response of the anchorage cavern
under dynamic loading was studied from the perspective of
the form and position of the dynamic load and the different
bolt support designs, the high in-situ stress is a key factor
that cannot be ignored for studying the deep anchorage
cavern. However, there are few studies on the damage
evolution of the deep anchorage cavern under dynamic
loading considering different in-situ stress. To enrich the
stability research of the deep underground engineering under
the dynamic loading, based on the model tests, the damage
evolution of the deep anchorage cavern under the dynamic
load was analyzed by using numerical analysis and the
influence of the in-situ stress was discussed also in this study.

The rest of this study is organized as follows. Section 3
describes the relevant research methods. Section 4 presents
the results and discussion, and finally, the conclusions are
summarized in Section 5.

3. Research method

3.1 Test materials

The model simulates a straight-wall-arched-top cavern with
a depth of 20 m and a span of 3-5 m under top explosion.
The surrounding rocks of the cavern are considered as class
III. As shown in Fig. 1, the cavern model is fixed by four
rigid devices that are movable forward and backward.
According to Froude gravity similarity criterion, the density

scale k, = 0.67, stress scale ks = 0.06, and geometric scale k;
= 0.09 were obtained through dimensional analysis. The
model test materials are determined by similar scales as sand,
cement, water, and accelerator, and the mixing ratio is 15: 1:
1.6: 0.0166. The size of the model is 2.4 m x 1.5 m x 2.3 m
(length x width x height), and a straight-wall-arched-top
cavern with a span of 60 cm, a height of 42 cm, and an arch
radius of 35 cm is excavated along the length of the model
(Fig. 2). The bolt for reinforcing the surrounding rock is
simulated with an aluminum bar with a diameter of 1.84 mm,
and a length of 24 cm. The backing plate is made of an
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aluminum plate with a thickness of 2-3 mm, and the length x
width = 12 x 12 mm. The nut is a standard M, nut.
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Fig. 2. Test model sizes (unit: mm).
3.2 Numerical simulation method

3.2.1 Computation model

For the similarity model test, the calculation model can be
simplified as a plane strain problem, because the axial
dimension of the model test is much larger than the radial
dimension. Thus, a two-dimension plane calculation model
is established, as shown in Fig. 3. The blast loading is
achieved by applying the blasting pressure to the inner
surface of the explosion chamber with a radius of 10 cm, 83
cm from the vault of the cavern, and the time historical
curve of blasting pressure is shown in Fig. 4. Two
monitoring points were set at 20 cm and 40 cm directly
below the explosion source to monitor the pressure.

The accuracy of the numerical model was verified by the
model tests of the two monitoring points. According to the
reference [24], to stabilize the peaks and waveforms of
various physical quantities during dynamic calculation, the
number of grids in a load wavelength is at least 16 m.
Combined with the physical parameters of the model
materials, the load wavelength is 0.22 m, and the grid size is
selected as 10 mm. The boundary conditions on both sides
and bottom of the model are set as non-reflection boundary
conditions.
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Fig. 4. The time historical curve of blasting pressure.

3.2.2 Calculated parameters

To simulate the mechanical behavior of rock materials under
the explosive load, the concrete damage plasticity model is
utilized, which assumes that the failure of materials is
mainly due to tensile cracking and compression cracking,
and the evolution of yield or failure surface is controlled by
two hardening variables: the equivalent plastic strain grin

tension and the equivalent plastic strain g in compression.

The damage factor d is determined by the equivalent
energy method. According to Sidoroff’s principle of energy
equivalence, the elastic residual energy generated by the
stress acting on the damaged material and the elastic residual
energy generated by the non-destructive material are the
same in form, as long as the stress is changed to the effective
stress or the elastic modulus is changed to the equivalent
elastic modulus of the damage.

Elastic residual energy of nondestructive materials:

Wy =0’ | E,

(M

Equivalent elastic residual energy of damaged material:

we =o'/, =5 [E,

2
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where, o and y are both dimensionless material constants.
5 is effective hydrostatic pressure. g is Mises equivalent

effective stress. & is the effective stress tensor. S is the
effective stress deviator. ¢, is the axial initial yield

compressive stress. gcois the non-isoaxial initial yield stress.
K_is the parameter characterizing the shape of the yield

curve on the plane of the partial stress. [ is the identity
matrix.

The strain rate of rocks will be large under explosive
loads. The strain rate will affect the strength of the rock, and
the high strain rate will lag the crack propagation, and the
propagation of the stress wave will also change. The

relationship between rock strength and strain rate in this
paper [27] is as follows:

o, =040,(£)"

(10)

where, o, is the dynamic strength. o,is the static strength.

£1s the strain rate. Other parameters of the model are shown
in table 1.

In the similarity test, the bolt was simulated by the
aluminum bar, with a diameter of 1.84 mm, density of 3000
kg/m®, elastic modulus of 76 GPa, Poisson’s ratio of 0.34,

and the yield strength of 282 GPa by the ideal elastic-plastic
model.
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Table 1. Properties of CDP model.

Density (kg-m™) E (GPa) H Dilation Angle (°) Eccentricity T/ K. Viscosity Parameter
1800 2.03 0.16 25 0.1 1.16 0.66667 0
Damage
4. Results and discussion
0.984

4.1 Calculation model verification 0.820
Fig. 5 shows the pressure time-history curves of P; and P, in

Lo . . . 0.656
similarity model tests and numerical simulations,
respectively. It can be seen from Fig. 5, the shape of the 0.492
pressure curve and the peak value at the same monitoring 0.328
point are similar. The main difference is that the propagation ‘
time of the numerical simulation results is shorter than that 0.164
of the test results, which is due to the ideal materials in the 0.000

numerical simulations.

As can be seen from Fig. 6, the most serious damage
area of the anchorage cavern is the zone near interface
between the vault anchorage and the non-anchorage zones.
There are several symmetric trumpet cracks in the non-
anchorage zone from the vault to the explosion source,
which is basically consistent with the model test results in
Fig. 6(b). The establishment of the calculation model and the
selection of the material constitutive are reasonable, and the
accuracy of the numerical calculation results is guaranteed
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Fig. 5. Pressure time-history curves for simulation and test.

4.2 Damage evolution analysis of anchorage cavern

4.2.1 Damage evolution characteristics

Generally, it is considered that the depth below 800 m is the
deep cavern. The depth of the current deep mine is mainly
1000-1500m. Reference to the similarity model test, the
stress ratio is 1:16, and the hydrostatic pressure of 2 MPa is
taken, which is equivalent to a well depth of 1200 m. Fig. 7
shows the evolution process of tensile damage of the deep
anchorage cavern under the dynamic loading.

It can be seen from Fig. 7, when there is no dynamic
loading action, since the floor of the cavern is not supported,
a certain zone of tensile damage appears in the floor under a
high hydrostatic confining pressure. The maximum tensile
damage (the damage factor is greater than or equal to 0.984)
is mainly distributed in the extension area of about 30° - 60°
from the corner. When the stress wave acts for 0.5 ms, a ring
with maximum tensile damage is formed near the explosion
source. When the dynamic loading time is 0.8 ms, the stress
wave has already propagated to the vault. Because the
compressive stress wave is reflected into the tensile wave,
the maximum tensile damage begins to occur near the free
surface of the vault.
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Fig. 6. Comparison of damage diagrams for simulation and test.

With the stress wave propagating forward, the maximum
tensile damage area of the vault gradually extends upward
and laterally, and the extension speed to both sides is faster
than that to the upward. When the dynamic loading time is
0.9 ms, the maximum tensile damage begins to appear at the
end of the bolt on the vault; meanwhile the head of bolt on
the sidewall also appears obvious tensile damage due to the
stress wave. When the stress wave is applied for 1.7 ms, the
maximum tensile damage area of the vault no longer
changes, which mainly occurs in the arch, and the maximum
tensile damage area decreases from the vault to the spandrel
in order. Maximum tensile damage was found at the ends of
the three bolts in the vault. In the whole process of dynamic
loading, due to the reflection and diffraction of stress wave,
the influence of stress wave on the floor of cavern is very
small, and the range and degree of tensile damage of the
floor hardly change, which is mainly formed by the static
loading.

The compression damage evolution process of the deep
anchorage cavern under dynamic load is shown in Fig. 8. As
can be seen from Fig. 8, when the stress wave has not yet
acted, since the rock’s compressive capacity is obviously
stronger than the tensile capacity, only two relatively narrow
maximum compression damage zones are formed within the
range of 30°-90° of the anchorage cavern corner, that is, the
damage factor d is greater than or equal to 0.906 and
produces weak compressive damage in all bolt heads.
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(f) 1.7 ms (g) 2.0 ms

Damage
0.984
0.820
0.656
0.492
0.328
0.164
0.000

(h) 2.5 ms (i) 3.0 ms

Fig.7. Evolution diagram of tensile damage for the deep cavern under dynamic loading.

When the stress wave is applied for 0.5 ms, a ring with
the largest compression damage centered on the explosion
source will be formed. With the stress wave propagating
forward, at 0.8 ms, the compressive stress wave has already
propagated to the vault, and the range and intensity of
compressive damage near the free surface of the vault are
further strengthened. At 1.1 ms, the maximum compression
damage area appears at the head of bolt on the vault, and
with the propagation of stress waves, the maximum

compression damage area gradually extends upward and on
both sides. The maximum compression damage area of the
entire vault is mainly distributed near the free surface of the
vault, and the maximum compression damage area from the
vault to the spandrel is getting smaller and smaller. At 1.7
ms, the maximum compressive damage area of the vault no
longer changes. During the entire dynamic load process, the
damage range and degree of floor hardly change, which is
mainly caused by the static loading.

Damage
0.906
0.755
0.604
0.453
0.302
0.151
0.000

Fig. 8. Evolution of compression damage for the deep cavern under dynamic loading.

4.2.2 Tensile damage distribution characteristics

With increase of the buried depth of the underground cavern,
the pressure on the surrounding rock increases. To provide
guidance for the bolt support of the deep cavern under the
dynamic-static coupling loading, it is of meaningful to study
the dynamic loading damage of the anchorage cavern. Fig. 9
shows the ultimate tensile damage of the anchorage cavern
under different hydrostatic confining pressures.

As can be seen from Fig. 9, under the static-dynamic
coupling loading, the maximum tensile damage area will be
produced near the free surface of the vault, the junction of
the anchorage and the non-anchorage areas, and the floor.
By comparing Fig. 7(a), it is known that the tension of the
vault is mainly caused by the dynamic loading. Due to the
diffraction and reflection of the stress waves, the tension
damage at the floor is mainly caused by the static loading.
As the hydrostatic confining pressure gradually increases,
the tensile damage area near the free surface of the vault
gradually increases, and the damage area at the boundary
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between the anchorage and the non-anchorage areas
gradually decreases. Until the hydrostatic confining pressure
is 1.75 MPa, the maximum tensile damage area at the
junction of the anchorage and non-anchorage areas almost
disappears, and the degree of the tensile damage of floor is
first reduced and then increased. When the hydrostatic
confining pressure is 1.50 MPa, the maximum tensile
damage obviously appears under the floor.

With increase of the hydrostatic confining pressure, the
maximum tensile damage under the floor increases gradually,
and the location of the damage becomes deeper. When the
hydrostatic confining pressure is 2.0 MPa, a large area of
tensile damage is formed under the floor. In the case of deep
anchoring caverns, special attention should be paid to tensile
damage near the free surface of the vault. As the hydrostatic
confining pressure increases, the tensile failure of the vault
under dynamic load is from the overall collapse of the
anchoring area to the local peeling off of the free surface of
the cavern, and the floor heave is more and more serious.
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(f) 1.25 MPa
Fig. 9. Tensile damage diagram of anchorage cavern with different hydrostatic confining pressures under dynamic loading.

(g) 1.50 MPa

It can be seen from Fig. 10, as the hydrostatic confining
pressure increases, the maximum tensile damage area of the
vault decreases first and then increases. The maximum
damage area of the vault without hydrostatic confining
pressure is the largest, which is the smallest when the
hydrostatic confining pressure is 0.50 MPa, and the damage
area does not change significantly from 0.75 MPa to 1.50
MPa. When the hydrostatic confining pressure is less than
1.25 MPa, except that the maximum tensile damage area of
the floor without hydrostatic confining pressure is 56.21 cm?,
the damage area of the floor does not appear until the
hydrostatic confining pressure is 1.25 MPa. As the
hydrostatic confining pressure continues to increase to 2.0
MPa, the damage area of the floor becomes larger, and the
increase rate is more obvious. The maximum tensile damage
area of the floor is 320.95 cm? when the hydrostatic
confining pressure is 2.0 MPa.

500 -

—=— Vault
" —e— Floor
400
E)/ 300
<
(o]
8
©,200 +
g
=
A 100 -
0 .
0.0 0.5 1.0 1.5 2.0
Hydrostatic confining pressure (MPa)
Fig. 10. The hydrostatic confining pressure and maximum tensile

damage area of the vault and floor under dynamic loading.

The reason for the above phenomenon is that the
surrounding rocks are mainly affected by pressure
correlation and strain rate correlation. As the tensile strength
of the rock masses increase with the increase of the
hydrostatic confining pressure, the energy dissipation of the
stress wave is smaller. On the other hand, the tensile strength
of the rock masses increase with the increase of the dynamic
strain rate. When the hydrostatic confining pressure is small,
the influence of the hydrostatic confining pressure and strain
rate on the tensile strength of the surrounding rock is more
obvious than that of the hydrostatic confining pressure on
the attenuation of the stress wave, so the maximum tensile

Technology Review 13
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(e) 1.0 MPa

Damage
0.984
0.820
0.656
0.492
0.328
0.164
0.000

(h) 1.75 MPa (i) 2.00 MPa

damage area of the arch crown decreases first. With the
increase of the hydrostatic confining pressure, the influence
of the confining pressure on the attenuation of the stress
wave is more obvious than that of the confining pressure and
strain rate on the tensile strength of the surrounding rock,
which leads to the increase of the maximum damage area of
the vault between 0.5 MPa and 2.0 MPa. Because the floor is
less affected by the dynamic load, when the hydrostatic
confining pressure reaches a certain value, the tensile stress
in the local area under the floor reaches the tensile strength
of the rock masses, and then with the increase of the
hydrostatic confining pressure, the maximum tensile damage
area of the floor increases obviously.

4.2.3 Compression damage distribution characteristics

It can be seen from Fig. 11, when there is no confining
pressure, there is only relatively small compressive damage
around the vault. With increase of the confining pressure, the
compression damage of the vault becomes more serious.
When the confining pressure is 1.25 MPa, the maximum
compression damage begins to appear near the free surface
of the vault. When the confining pressure does not exceed
1.5 MPa, there is almost no damage to the floor. When the
confining pressure reaches 1.5 MPa, a relatively narrow "V"
shaped damage area begins to appear. With increase of
confining pressure, the maximum compression damage at
the floor becomes more complex, mainly extending from the
corner to the depth, and gradually forming a piece from the
line. Therefore, when the anchorage cavern is subjected to
large confining pressure, it is necessary to pay attention to
the compression damage near the free surface of the vault
and floor, which may cause partial peeling of the vault and
floor heave.

As shown in Fig. 12, with increase of the hydrostatic
confining pressure, the maximum compressive damage area
of the vault and the floor under dynamic loading did not
appear before a certain confining pressure. As the
hydrostatic confining pressure continued to increase, the
maximum compressive damage area of the vault and the
floor became larger, and their correlation with confining
pressure is obvious. The maximum compressive damage
area of the vault and floor appear about 1.00 and 1.25 MPa,
respectively. Until the hydrostatic confining pressure is 2.0
MPa, the maximum compressive damage area of the vault
and floor is 225.7 and 516.5 cm®. Although the compressive
strength of the surrounding rock is improved with increase
of the hydrostatic confining pressure and the effect of strain
rate, the increase of compressive stress caused by the
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hydrostatic confining pressure and compressive stress wave
on surrounding rock is obvious, so that when the hydrostatic
confining pressure exceeds a certain value, the maximum

N 7 . e ©

NN

(f) 1.25MPa () 1.50 MPa

() 0.50 MPa

compressive damage area of the vault and floor becomes
larger.

Damage
0.906
0.755
0.604
0.453
0.302
0.151
0.000

(h) 1.75MPa (i) 2.00 MPa

Fig. 11. Compressive damage of anchoring cavern with different hydrostatic confining pressures under dynamic loading.
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Fig. 12. The hydrostatic confining pressure and maximum compression
damage area of the vault and floor under dynamic loading.

4.3 Damage of deep anchorage cavern with different
lateral pressure coefficients under dynamic loading

4.3.1 Tensile damage distribution characteristics
Hoek & Brown pointed out the estimation equation of the
ratio K of horizontal stress to vertical stress [28]:
100/Z +0.3 < K <1500/Z +0.5 (11)

The depth selected in this study is 1200 m. The range of
the lateral pressure coefficient calculated according to Eq.
(11) is 0.38-1.75, so the lateral pressure coefficients are
taken as 0.4, 0.6, 0.8, 1.0, 1.25, 1.50, and 1.75. Figs. 13 and
14 are the final tensile damage of the anchoring cavern with
different lateral pressure coefficients under the dynamic
loading and static loading.

Comparing Figs. 13 and 14, it can be known that the
tensile damage of the vault is mainly affected by the

¥ 4
; ®

() 0.8

dynamic loading, while the floor is closely related to the
static loading. When the lateral pressure coefficient is 0.4,
the maximum tensile damage area will be formed in the
anchorage area at the three bolts directly above the vault,
and the entire zone is penetrated. The maximum tensile
damage in other parts of the vault is mainly distributed near
the free surface and the junction of the anchorage and the
non-anchorage areas. Until the lateral pressure coefficient is
1.0, as the lateral pressure coefficient gradually increases,
the area of the maximum tensile damage near the free
surface of the vault gradually increases and extends to both
sides. When the lateral pressure coefficient is greater than
1.0, the maximum tensile damage area near the free surface
has developed to the sidewall.

With increase of the lateral pressure, the tensile damage
of the anchorage area gradually weakened, and the
maximum tensile damage area at the junction of the
anchorage and the non-anchorage areas gradually decreased.
When the lateral pressure coefficient is 1.0, the maximum
damage area at the junction of anchorage and non-anchorage
zones disappears. When the lateral pressure is relatively
small, the local area directly above the cavern will be
penetrated due to tension, leading to the collapse of the
underground cavern. With increase of the lateral pressure,
only the maximum tensile damage near the free surface of
the vault of the underground cavern will occur, which
indicates that local peeling will occur. When the lateral
pressure is relatively small, the lateral pressure coefficient is
0.4, “V” and trumpet shaped maximum tensile damage
appear under the floor. With increase of the lateral pressure
coefficient, the trumpet shaped maximum tensile damage
gradually weakens until it disappears, and the area of the
maximum tensile damage of the “V” shape becomes larger,
and the damage of the sidewall bottom is more serious,
which may cause the floor heave.

Damage
0.984
0.820
0.656
0.492
0.328
0.164
0.000

(d) 1.25
Fig. 13. Tensile damage of anchorage cavern with different lateral pressure coefficients under dynamic loading.
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(a) .

(b) 0.6
Fig. 14. Tensile damage of anchorage cavern with different lateral pressure coefficients under static loading.

(c) 0.8

As shown in Fig. 15, the maximum tensile damage area
of the vault, floor and sidewall of the anchorage cavern.
Except when the lateral pressure coefficient is 0.4, with
increase of the lateral pressure coefficient, the maximum
tensile damage area of the vault first increases and then
decreases, and the damage area of the vault with the lateral
pressure coefficient of 1.25 is the largest. With increase of
the lateral pressure, the maximum tensile damage area of the
floor increases first and then decreases, and when the
coefficient of the lateral pressure is between 1.0-1.2, the
maximum tensile damage area of the floor is the larger. With
increase of the lateral pressure, the maximum tensile damage
area of the sidewall does not appear until the lateral pressure
coefficient reaches 1.0. With the further increase of the
lateral pressure, the maximum tensile damage area of the
sidewall becomes larger, increasing more obvious.
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Fig. 15. Different lateral pressure coefficients and the maximum tensile
damage area of the vault, floor and sidewall under dynamic loading.

4.3.2 Compression damage distribution characteristics
The compression damage distributions of the deep
anchorage cavern under different lateral pressures under the
dynamic loading and static loading are shown in Figs. 16
and 17.

(a) 0.4
Fig. 17. Compression damage of anchorage cavern with different lateral pressure coefficients under static loading.

(c)0.8
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Comparing Figs. 16 and 17, it can be found that the static
loading mainly affects the damage distribution of the floor.
Only when the lateral pressure coefficient reaches 1.75, the
maximum compressive damage occurs in the vault of the
cavern, while the maximum compressive damage of the
vault and sidewall is mainly affected by dynamic loading.
When the lateral pressure coefficient is 0.4, there is a
relatively thin damage area near the free surface of the vault,
and two relatively narrow maximum compressive damage
areas are formed within the range of 60°-90° of the corner.
When the lateral pressure coefficient is 1.25, the maximum
compression damage band appears directly above the vault.
As the lateral pressure further increases, the maximum
compression damage band of the vault gradually extends
upwards, and eventually communicated with the damage
area near the explosion source, causing the entire collapse
from the explosion source to the anchorage cavern. With
increase of the lateral pressure, the maximum compressive
damage at the corner approaches to the middle of the floor,
forming a crisscross “V” shape network distribution. When
the lateral pressure coefficient exceeds 1.0, the maximum
compressive damage in a small area will occur in the
sidewall.

As shown in Fig. 18, the maximum compressive damage
area at the vault and floor is significantly larger than that of
the sidewall. With increase of the lateral pressure coefficient,
the maximum compressive damage area of the vault under
dynamic load becomes larger. Because the static
compressive effect on the vault is getting larger, causing the
maximum compressive damage area of the vault is growing
faster. With increase of the lateral pressure, the maximum
compressive damage area of the floor first decreases and
then increases. When the lateral pressure coefficient is 0.8,
the maximum compressive damage area is the smallest. The
maximum compression damage of the sidewall appears after
the lateral pressure coefficient is 1.0, and slowly increases
with the increase of the lateral pressure coefficient.
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Fig. 18. Lateral pressure coefficients and the compressive damage area.

5. Conclusions

To reveal the damage evolution characteristics of the
surrounding rock in deep anchorage cavern under dynamic
loading, based on the similarity model test, the damage
evolution of the anchorage cavern under different in-situ
stress was analyzed by numerical simulation. The main
conclusions are as follows.

(1) When the deep anchorage cavern is subjected to the
dynamic loading above the vault, the tensile and
compressive damage of the vault is significantly affected by
the dynamic load, while the tensile and compressive damage
of the floor is little affected. With the propagation of stress
wave, the maximum tensile and compressive damage area
gradually extends from the free surface of the vault upward
and on both sides, and finally tends to stable.

(2) When the deep anchorage cavern is subjected to
dynamic-static coupling loading, the maximum tensile
damage area mainly appears near the free surface of the
vault, the junction of the anchorage and the non-anchorage
areas of the vault, and the floor. With increasing of the
hydrostatic confining pressure, the maximum tensile damage
area near the free surface of the vault increases gradually,
the maximum tensile damage area at the junction of the
anchorage and the non-anchorage areas decreases gradually,
and the degree of tensile damage of the floor is first
decreasing and then increasing.

(3) With increase of the hydrostatic confining pressure,
the maximum compression damage of the vault and the floor
occurs after the hydrostatic confining pressure reaches 1.0
and 1.25 MPa, respectively. The maximum compressive
damage areas of the vault and the floor are getting larger,
and shows a clear correlation with the hydrostatic confining
pressure. With increase of the lateral pressure coefficient,
the maximum tensile damage area near the free surface of
the vault first increases and then decreases gradually, and
extends to the sidewall on both sides. The damage of the
anchorage area decreases gradually, and the maximum
tensile damage area at the junction of the anchorage and the
non-anchorage areas also decreases gradually. The
maximum tensile damage area of the side wall is getting
larger.

(4) The maximum compression damage only occurs near
the free surface of the vault. As the lateral pressure
coefficient gradually increases, the maximum compressive
damage near the free surface of the vault gradually thickens.
Subsequently, the maximum compression damage strip
appears directly above the vault. The damage strip gradually
extends upward and finally connects with the maximum
compression damage near the explosion source. With
increase of the lateral pressure, the maximum compression
damage area of the floor first decreases and then increases.
When the lateral pressure coefficient is 0.8, the maximum
compression damage area of floor is the smallest. The
maximum compression damage of the sidewall appears after
the lateral pressure coefficient is 1.0, and increases gradually
with the increase of the lateral pressure coefficient.

This study can provide references for the support of the
deep cavern. Since the test model is based on the civil air
defense cavern as the prototype, the surrounding rocks are
relatively uniform and intact, therefore, the inhomogeneity
and discontinuity of the surrounding rock should be
considered in the further study.
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