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Abstract. Traditional cavity reinforcement technology is difficult to effectively protect the cavity
from damage caused by modern large-yield explosions, and the anti-explosion performance of
prestressed anchor cables needs to be improved urgently. The design of a new prestressed
high-elastic fully adhesive anchor cable for the enhancement of the anti-explosion effects of the
anchor cable is presented in this paper. A constitutive model of the anchor cable is established in
FLAC 3D and used to restore an equal scale field anti-explosion test. The reinforcement effects
of the new anchor cable are compared with the conventional one’s. Results show that the stresses
of the anchor cables differ at different locations: the anchor cable at the arch crown of the cavern
is the one mainly under pressure with the compressive strain of the new anchor cable reduced by
25 %; while the anchor cable at the arch foot of the cavern is the one mainly under tension and the
tensile strain of the new anchor cable is reduced by 26.3 %. The vertical displacement of the arch
crown is reduced by 16.2 % with the reinforcement of the new anchor cable. The new anchor cable
performs much better on the reinforcement of the cavern than the conventional one in the aspects
of stress, strain and displacement, which provides a basis for the design of new anchor cables and
their applications in engineering.
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1. Introduction

A large number of national defense works are underground cavern works. With the widespread
use of high-powered weapons, these works must have higher strengths of resistance to
underground explosion strikes [1-4]. However, it is difficult to stand to the damages of facilities
with traditional reinforcement techniques from modern large-equivalent explosion loads.
Therefore, it is of great practical importance to propose studies on new anchor cables with
high-strength reinforcement abilities [5-8]. The prestressed anchor cable is developed based on
the reinforcement of regular anchor cable [9]. To improve the anti-explosion ability of the
prestressed anchor cable reinforced cavern, the prestressed anchor cable is designed using the new
high-elastic elements in the head of the anchor cable in this paper. Combined with a fully
cement-imbedded anchor cable, which is most commonly used in actual projects, a new
prestressed high-elastic fully adhesive anchor cable is formed. There are already former studies
[10, 11] conducted for the reinforcement mechanism of various anchor cables on caverns using
FLAC 3D. And this paper also uses FLAC 3D to establish the constitutive model of the new
anchor cable. The validity of the numerical simulation is verified comparing to the field explosion
resistance test results. And on this basis, the reinforcement differences between the new and the
conventional anchor cables with different explosion loads are analyzed, which provides a basis
for the application of prestressed high-elastic fully adhesive anchor cables in engineering.
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2. Principle and simulation method of the new anchor cable
2.1. Principle of the high-elastic anchor

The fully adhesive anchor cable (hereinafter referred to as the conventional anchor cable) is
an anchor cable widely used and effectively performed in the reinforcement process of cavern
works [9]. Single conventional anchor cable is mainly composed of anchor cable body, anchor
head, pallet, grouting body, etc. On this basis, adding a high-elastic spring element in the anchor
head of the conventional anchor cable makes the new fully adhesive anchor cable (hereinafter
referred to as the new anchor cable), the structure of which is shown in Fig. 1.

The load-bearing performance of the new anchor cable is affected by the high-elastic element.
When the element is subjected to the first stage of axial compressive force, its displacement is
directly proportional to the force. If the axial compressive force is above 200 kN, the displacement
arises little, which is called as locked state in engineering and serves to limit further displacements.
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Fig. 1. The structure of the new anchor cable
2.2. Secondary development of the constitutive model of the anchor head

The corresponding anchor head unit test analysis model is built in FLAC 3D using cube model
with the side length of 200 mm. The vertical displacement at the bottom of the model is
constrained, and vertical loading at a uniform speed is carried out on the model surface for the
simulation of the loading process of the pressure tester as shown in Fig. 2(a). Comparing the
calculation results with the test results, a constitutive model and parameters describing the
mechanical behavior of the anchor head are obtained. The main method to get the bilinear
deformation characteristics in numerical calculations is changing the elastic modulus of the
simulation unit. Establishing the variable elastic constitutive model in the calculation makes the
original element able to act as a bilinear elastic deformation in the process of compression. When
the high-elastic element is compressed, the strain increases together with the stress, and when the
strain is greater than 0.20, the elastic modulus of the calculated model unit is extremely high, so
that the strain of the unit no longer rises and the displacement of the high-elastic element is
simulated with no more increase as the locked-state shown in Fig. 2(b).
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Fig. 2. The anchor head unit analysis model
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3. Numerical simulation and analysis
3.1. Numerical model establishment

According to the test site conditions, a full-scale mountain model is established using FLAC
3D, with the size of 24 m x15 m x 25 m. As shown in Fig. 3(a), there are seven cross sections in
the model. Each cross section is arranged with one anchor cable at the arch crown and two anchor
cables at the arch foot. Cross sections 1-4 are set with the highly-elastic anchor head, while 5-7
with the conventional ones. The explosion center is right above the arch crown of the 4th cross
section and the radius of the explosion cavity is 0.5 m. The parameters of the rock and anchor
head are shown in Table 1, and the anchor cable parameters are shown in Table 2.

Table 1. The parameters of the rock and anchor head

Material Elastic Modulus | Poisson’s Density | Cohesive force Friction Tensile
(GPa) ratio (kg/m®) (MPa) angle (°) | strength (MPa)
Rock 30 0.25 2500 0.8 40 3
Anchor 325 02 2500 1.0 45 2
head
Table 2. The basic anchor cable parameters
. Cross-sectional .| Cohesive Stre;ngth per Outer Internal | Yield
Grouting Density unit length | . .
materials area of anchor (ke/m’) force of mortar circumference | friction | strength
2 o
cable (m?) (MN/m) ((N/m)/m) of mortar (m) | angle (°) (kN)
Conventional | g3 2500 | 1.57 6.5%10° 0377 30 780
mortar
Flexible 1.96x10° 2500 2.0 2.0x10° 0377 30 780
mortar

Field tests are conducted on the cavern using the new and conventional anchor cables for
reinforcement. Groups are established based on the types of the anchor heads in the horizontal
direction along the depth direction of the cavern (i.e., Y direction of the model), as shown in
Fig. 3(b). The input dynamic load is shown in the time stress curve generated by 50 kg
TNT-equivalent explosive calculated by CONWEP.
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Fig. 3. Numerical model diagram

e —— )

W T
%‘.

3.2. Numerical calculation validity verification

The field anti-explosion test measured acceleration curve is shown in Fig. 4(a), while the
acceleration curve obtained by numerical calculations at the same location is shown in Fig. 4(b).
The field measured peak acceleration is 79 g, while the peak acceleration by numerical calculation
is 80 g, which certifies that the two accelerations are basically the same.
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The strain curve of the new anchor cable at the 1/3 length from the anchor root of the cable is
field measured as shown in Fig. 5(a). The two curves remain a good consistency in the numerical
magnitude and strain curve development trend. Fig. 5(b) shows the strain curve of the new anchor
cable at the arch foot of the reinforced cavern. The numerical calculation result is also close to the
field measured one. The comparison of the acceleration and strain illustrate the validity of the
numerical model calculation.
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Fig. 4. Comparison of the accelerations at the arch crown of the cavern
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Fig. 5. Comparison of the measured and calculated strain values
of the high-elastic fully adhesive anchor cable

4. Protective characteristics of the new anchor cable

Numerical simulation and comparison on the conventional and new anchor cables are carried
out to find out the advantages of the new anchor cable. Explosive loads are both set to 2.5 GPa
and the prestressing forces are 100 kN. With different reinforcement situations of the anchor
cables, the comparison of the strain curves at the arch crown and foot of the cavern are
implemented and the test results of vertical displacements at the arch crown of the cavern are
recorded.

4.1. Anchor cable strains at the arch crown

The two anchor cable strain curves at the arch crown are shown in Fig. 6. There is a peak
compressive stress on the root of the anchor cable firstly, and then the rest parts of the anchor
cable gets compressed. With the distance increasing from the root of the anchor cable, the peak
compressive strain gradually decreases. A tensile strain at the anchor cable head is generated due
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to the downward deformation of the rock at the arch crown of the cavern. It reaches its peak value
around the head of the anchor cable of the cavern. The maximum compressive strain for
conventional anchor cable is 800 pe while the maximum compressive strain of the new one is
600 pe, a 25 % reduction compared to the conventional one. It certifies that the new anchor cable
is mainly subjected to compressive stress at the arch crown near the center of the explosion, and
its compressive stress reduces effectively.
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Fig. 6. Different anchor cable strain curves at the arch crown
4.2. Anchor cable strains at the arch foot

The two anchor cables strains generated at the arch foot are numerically and significantly
smaller than the strains at the arch crown, both of which are mostly in tension. The peak tensile
strains of the anchor cables are at the anchor head: the peak tensile strain of the conventional
anchor cable is 380 pe, while the peak tensile strain of the new anchor cable is 280 pe, 26.3 % less
than that of the conventional one. So it is obvious that the new anchor cable shows a better tensile
performance.
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Fig. 7. Different anchor cable strain curves at the arch foot
4.3. Vertical displacement at the arch crown

The vertical displacement time curves of the arch crown with two different anchor cables are
shown in Fig. 8. The peak vertical displacement of the arch crown with the conventional anchor
cable is 3.7 mm while it is 3.1 mm with the new anchor cable, a 16.2 % reduction compared to the
conventional one. And the residual displacement of the new anchor cable is significantly smaller
than that of the conventional one. It certifies that the new anchor cable with the elastic elements
performs better in reducing displacement and reinforcing the cavern effectively.
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Fig. 8. Comparison of the vertical displacements at the arch crown
5. Conclusions

In this paper, a new type of high-elastic anchor cable is developed based on the conventional
anchor cable commonly used in engineering projects by adding high-clastic element into the
anchor head of the anchor cable. A variable elastic constitutive model in FLAC 3D is established,
and the simulation results fit well with the strain characteristics of the high-elastic element in
engineering projects. And then a numerical model of the same proportion with the field explosion
test is established. It shows that the strains and the curve development trends of the measured and
the calculated results are basically the same, which certifies the validity of the numerical model.

With the peak explosion load of 2.5 GPa and the prestressing force of 100 kN, the anchor cable
at the arch crown near the explosion center is the one mainly subjected to the compressive stress.
Compared to the conventional anchor cable, the compressive strain of the new anchor cable
reduces by 25 %. The anchor cable at the arch foot is the one mainly subjected to the tensile stress.
Compared with the conventional anchor cable, the tensile strain of the new anchor cable reduces
by 26.3 %. As to the anchor cable reinforcement effect, the vertical displacement of the arch crown
with the new anchor cable reduces by 16.2 %, and the residual displacement is smaller, which
certifies the reinforcement effect of the new anchor cable.
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