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Abstract: In regions with high-stress roadway stress, anchor cables frequently experience damage,
leading to risky pull-outs and ejections. This study aimed to determine the dynamics of such incidents,
refine protective devices, and validate their efficacy in enhancing safety. Drawing from an ejection
accident in the 1632 (3) roadway of Pan San Mine, a combination of laboratory experiments, theoretical
analysis, simulations, and field applications was utilized. The kinetic energy and speed of cable
ejections were determined from single-axis tension test data. Based on these insights, a spring-based
protection device was conceptualized. Subsequent experiments and simulations evaluated the energy
absorption and deformation characteristics of these devices with different diameters. The results
included the following: A cable, during ejection, moved at 48 m/s. Spring protective devices of 4 mm
can absorb more energy than the 5 mm, but the anti-ejection effect is poor respectively. Increasing
the device diameter improved its performance, especially in controlling spring deformation rate
and preventing cable lock-ups. This devised protection mechanism showed promising results when
implemented in the 1511 (1) roadway of Zhangji Mine.

Keywords: anchor cable; ejection; strain energy; protective devices of spring

1. Introduction

As coal resources are exploited deeply in China, the surrounding rock of roadways is
subjected to “three high and one disturbance” complex stress conditions, and anchor wire
breaking and ejection becomes increasingly severe.

Anchor wire breaking and ejection kinetic energy and its prevention have been exten-
sively investigated by Chinese and foreign scholars from the perspective of the mechanical
state of anchors. Gu [1] and Zheng et al. [2] proposed a formula for the wire breaking and
ejection speed of anchors and discussed a protection scheme for anchor wire breaking and
ejection. He [3] established a grouting anchor cable model with a composite breaking effect
that could improve the bearing capacity of surrounding rocks. Yang et al. [4] developed a
set of anchor double-shear test systems and studied the mechanical properties of anchors
from the aspects of mortar block specimen, anchorage mode, and prestress. Deng [5]
believed that anchor shear via steel strips was the cause of anchor tail breaking, and the
fracture of the anchor body resulted from the composite anchor damage induced by roof
separation and dislocation. Niu et al. [6-8], Wang et al. [8], and Liu et al. [9] proposed the
use of anchor pre-tightening force to improve the stiffness of rock strata and adjust the
installation angle of anchors, enabling anchors to control peak shear strength at each level
of roof strata and enhance the shear strength of anchors. However, an excessively high
pre-tightening force was also an important factor that led to anchor rupture. Liu et al. [10]
verified the feasibility of using anchor bolt extension technology that could adapt to the
deformation of surrounding rocks and effectively prevent roadway caving triggered by
anchor breakage. Wang et al. [11], conducted a shear test on prestressed anchor blocks
with structural planes by using a large model test bench; analyzed the tensile, bending,
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and shear failure characteristics of anchors; and studied the helical structure of anchors via
ABAQUS 2020. Their study results showed that the shear stress of anchors experienced
an alternate change process from strong to weak, from weak to strong, and finally, from
strong to weak. Tong et al. [12] and Shan et al. [13-18] proposed a combination of anchors
and C-shaped canals for conducting double-shear tests. Their results proved that anchors
and C-shaped canals could improve the transverse shear capacity of supporting materials
during the shear process and strengthen the axial ultimate bearing capacity of anchors.
He et al. [19], Yang et al. [20], Ming et al. [21], and Tao et al. [22] studied the mechanical
and supporting characteristics of anchors with negative Poisson’s ratio (NPR) through field
investigation and numerical simulation. Aziz et al. [23] conducted a single-shear test of
full-wrapping-type anchors and determined that the shear strength of spiral and groove-
type anchors was lower than that of ordinary anchors and the peak shear load of anchors
could be reduced by increasing the pre-tightening load. By conducting double-shear tests,
Mirzaghorbanali et al. [24] concluded that the peak shear load of round steel strand anchors
was higher than those of indented and spiral steel strand anchors. Li et al. [25] believed
that the key to the stability of surrounding rocks in a roadway with a soft rock compos-
ite roof lay in reasonably arranging anchors and elevating their effective stress diffusion
efficiency. This author explored the influence of different anchor supporting parameters
on the stress diffusion of surrounding rocks through numerical simulation software and
proposed the optimal parameters. Wang et al. [26] believed that tensile load presented a
cubic polynomial relationship with torque and essentially exhibited linear relationships
in different stages. The failure mechanism of the anchorage section was manifested by
initial tensile failure, followed by shear failure. The drawing-torque—displacement rela-
tions of anchors experienced three stages: loading, softening, and residual. Tang et al. [27]
designed and developed an energy-absorbing damping anchor bolt that consisted of the
bolt body, tray, constant-resistance energy absorption device, and specially shaped bolt
nut; energy absorption and support could not only effectively guide and control the release
and transformation of impact energy but also consume impact energy in the cushioning
process of anchor bolts, ensuring the stability of surrounding rocks and the supporting
protection system. Aziz et al. [28] performed shear tests on seven steel strand anchors
(diameter: 15.2 mm) at angles of 0°, 30°, and 45°, and believed that the stiffness of sheared
anchors could be improved by increasing the shear angle. Wang et al. [29] reported that
anchors would experience pitting corrosion due to the long-term action of O, Cl, and S in
the surrounding rock environment, reducing the outer diameter and bearing capacity of
anchors and finally leading to their rupture.

Faham Tahmasebinial et al. [30] established the static and dynamic loading numerical
model of double shear test in ABAQus/Explicit. Through static tests and dynamic tests,
the effects of bolt diameter, steel yield strength and ultimate strength, dynamic load speed,
and dynamic load mass on bolt displacement, shear force, and energy dissipation capacity
were studied.

The aforementioned studies focused on the influencing factors of the spiral structure
and tensile—shear mechanical properties of anchors, in which the fracture and ejection
formulas of the whole anchor with empirical constants have been deduced. Moreover,
the mechanical properties of anchors have been verified to be improved by the C-shaped
canal-anchor combination, NPR anchors, and spiral- and groove-type anchors. However,
the dynamic evolution mechanisms of anchor wire breaking and ejection and the energy
gathering and dissipation of protective devices have not been comprehensively studied.
Considering the unpredictability of anchor incidents, this study is based on the approach
of single-axis tension tests to infer cables’ dynamics and evaluate protection device per-
formance. Field tests in Zhangji Mine corroborated laboratory findings, offering valuable
insights for understanding cable pull-out dynamics and protection device design.
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2. Analysis of Tensile Test in Anchor Cables and Evaluation of Ejection Kinetics

Utilizing the energy conservation principle, the stress—strain data derived from tensile
tests on anchor cables were integrated to obtain the strain energy density at various stages
of the cable’s tension. In context of the cable pull-out incident in the 1632 (3) roadway of
Pan San Mine, both the ejection kinetic energy and speed were calculated through the strain
energy density observed during unloading. This analysis provides data for the design of
protection devices.

2.1. Tensile Test of Cable Steel Wire

Anchors (1860 MPa, 21.8 mm in diameter) were selected and cored to prepare speci-
mens with a diameter of 6 mm and a length of 0.2 m. The stress—strain curves of anchor
wires were acquired through a tensile test, as shown in Figure 1.

Anchor wire diameter 6 mm steel
wire tension tests
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Figure 1. Tensile test diagram of anchor steel wires.

In this test, 20 anchor wire specimens were used and tested with a W-type universal
tensile machine. The test data were averaged and plotted. The stress-strain curves of the
anchor steel wires are presented in Figure 2.
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Figure 2. Stress—strain curves of anchor steel wires.
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The following data can be obtained through the stress—strain curves.
Strain energy density in the elastic loading stage:

-0.06919
U = f(x1)dx; = 58.65e°]/m> €]
0.01216

Strain energy density in the plastic loading stage:

0.09184
Us = f(x2)dxp= 33.3038¢°]/m?> )
0.06919

Strain energy density in the unloading stage:

0.09079
Uy = f(x3)dxs = 27.528€°] /m® 3)
0.05789

Dissipated energy density in the loading/unloading stages:
U, = U; + Us — U, = 64.4258¢°T/m? (4)

In the preceding formulas, U; is the strain energy density in the elastic loading stage,
U; is the strain energy density in the plastic-elastic loading stage, U, denotes the strain
energy density in the unloading stage, U}, represents the dissipated energy density in
the loading/unloading stage, f(x;) is the stress—strain curve in the elastic stage, f(x2)
is the stress—strain curve of the plastic stage, and f(x3) is the stress—strain curve in the
unloading stage.

Anchor wire breaking and ejection conform to theorem of conservation of energy,

as follows: .
Emv% = Wy (5)

Stored total strain energy in anchor wire breaking:
Wy = U, L 6)
Partial stored strain energy in anchor wire breaking:

L

Wy = Uytr’Ly = Wy :

@)

In the preceding formulas, Wy is the stored total strain energy in anchor wires, W,
represents the partial stored strain energy in anchor wire breaking, v; is the ejection speed,
m stands for the anchor wire breaking mass, L is the total tensile elongation of anchor wires,
and L; is the anchor wire breaking length.

2.2. Case Analysis of Anchor Wire Breaking and Ejection

Based on the strain energy density of the anchor wire in the unloading stage, combined
with the on-site data, the kinetic energy and velocity at the time of anchor breakage ejection
were calculated.

In November 2017, anchor wire breaking occurred at the 1632 (3) roadway in Pansan
Mine, with an average buried depth of 600 m and a roadway section of 5.2 m (width) x 3.3 m
(height). The roadway was supported by a bolt-mesh—anchor combined system. The
anchors were 1860 MPa steel strands with a specification of $22 mm x 6.3 m (length). The
lithologies of the roadway roof and floor are displayed in Figure 3.
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Figure 3. Diagram of the roof lithology of the 1632 (3) roadway.

On the field, the anchor wire breaking and ejection length L; was 0.3 m, the length
of the anchor end L, was 0.2 m, the total anchor length L3 was 6.3 m, the radius r of
anchor wire breaking was 0.003 m, the ejection speed was v1, and the steel density p was
7870 kg/ m?3. The locations of L;, Ly, and L3 in the Formulas (8)-(10) are shown in Figure 4.

Anchor rope
broken wires
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Anchor I
cable tray

L1
L3

Y

Spring
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Figure 4. Diagram of the L1 L, L3 position in the formula.

As shown in Equation (6), the stored total strain energy in anchor wire breaking is
expressed as follows:
Wy = Uy r? (L3 — Ly) = 4745.447, ®)

From Equation (7), the partial strain energy in anchor wire breaking can be obtained
as follows:
Li— L,
Wy = Wey———= =77.79], )
Ly — Lo

From Equation (5), the initial anchor wire breaking and ejection speed is expressed as

follows:
2Wax 2Wiax
n=y \/pmle 8m/s, (10
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3. Tensile Test of Spring Protection Devices

Through tensile tests of spring protection devices of varying diameters, the energy
absorption capacity was obtained through integrated test results. Leveraging the energy
conservation principle and considering the kinetic energy and speed associated with anchor
cable pull-out and ejections, an evaluation was undertaken to determine the device’s
adequacy in meeting engineering specifications.

3.1. Dynamic Impact Assessment of Spring Protection Device through Energy
Conversion Analysis

In case of anchor wire breaking and ejection, the ejecting steel wires hit the spring base
of the protective device, subjecting the spring to deformation and allowing it to absorb
energy and exert a protective effect. The protective device for anchor wire breaking is
as shown in Figure 5. During the construction of mine roadway support, a steel chain
equipped with hooks or D-shaped buckles at both ends serves as a connecting element.
One end of this steel chain is suspended from the roof anchor net, while the other end
is linked to the handle of the anchor cable protection device. Detailed implementation
measures are depicted in Figure 6.

b4

Anchor cable

Roadwg:oof \

Fixed wire
Spring hanger =
Spring Anchor cable broken ::>-
wire impact >+
Spring side wall e =~ S E _
Anchor rope n
broken wires 1

Spring side wall—f

o A A=A
VYV VYV
-—T

X

Figure 5. Schematic of impact protection device for anchor wire breaking.

Figure 6. Installation schematic of the anchor protective devices.
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The energy that can be absorbed by the protective device is expressed as follows:

H
W = / kdy, (11)
0

The safety criterion for energy conversion between anchor wire breaking and ejection
and the protective device is described as follows:

1 H

Wy = Emv% < W= / kydy, (12)
0

where H is the stretching amount of the spring, k stands for the elastic coefficient of the

protective device for anchor wire breaking, and W represents the effectively absorbed

energy by the protective device for anchor wire breaking and ejection.

3.2. Tensile Test of Spring Protection Devices

The anchor protective device had two specifications: the protective device with a
spring wire diameter of 4 mm and 15 active turns and the protective device with a spring
wire diameter of 5 mm and 12 active turns. The diameter of both springs was 22 mm. The
relevant parameters of the protective devices were obtained through tensile test, providing
a reference basis for further studying protective devices.

Ten protective devices with a spring wire diameter of 4 mm and ten with a spring wire
diameter of 5 mm were prepared for the test. The test process was as follows. The “cross
bar” of a T-shaped steel was fixed with a spring hanger by using steel wires. The “vertical
bar” was held by a gripper on the tensile machine. A hole was drilled onto the spring base
for a high-strength long rod screw to pass through. This screw was fixed with bolts. The
long rod of the screw was held by the gripper under the tensile machine for the tensile
test. The test results were averaged, followed by curve fitting. The tensile loading rate
was 50 mm/min. The test process is displayed in Figure 7, the test results of the protective
device with a wire diameter of 4 mm are presented in Figure 8, and the test results of the
protective device with a wire diameter of 5 mm are presented in Figure 9.

-

Protective
Device Testing

i

®Specimen @Test (®Specimen size

Figure 7. Test flowchart of the protective devices for anchors.

As obtained from the test, 77.7 ] of energy was absorbed when the protective device
with a spring wire diameter of 4 mm was stretched, while 1092 J of energy was absorbed
when it was stretched by 0.83 m. In addition, 1424 ] of energy was absorbed in case of
ultimate stretching by 1.03 m.

For the protective device with a spring wire diameter of 5 mm, 77.7 ] of energy was
absorbed when it was stretched by 0.1 m, while 1308 J of energy was absorbed in case of
ultimate stretching by 0.83 m.

In summary, both protective devices can bear the impact kinetic energy of anchor wire
breaking and ejection. The energy absorption efficiency of the protective device with a
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spring wire diameter of 5 mm was superior to that of the protective device with a spring
wire diameter of 4 mm. However, the ultimate energy absorption capacity of the former
was smaller than that of the latter.

2400 [ — Spring tensile curve
I 0.10206 [:] Broken wire ejection
2000 - : energy of anchor cable
: [ Spring surplus
| absorption energy
Z 1600 I Energy balance point
\q.)/ I
Y |
3 !
= 1200
o |
B
o
o]
= 800
400
0 — T 1 | B |

LN ENLE L B v
01 02 03 04 05 06 07 08 09 10 11
Displacement(m)

Figure 8. Force—displacement curves of the protective devices with a wire diameter of 4 mm.
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Figure 9. Force-displacement curves of the protective devices with a wire diameter of 5 mm.

4. Numerical Simulation of Impact Protective Devices for Anchor Wire Breaking

Due to the limitations of tensile tests on protection devices and the absence of dy-
namic impact verification, dynamic simulations of the anchor cable protection device were
executed using ANSYS Workbench software.

Initially, the model was constructed utilizing Rhino software and subsequently im-
ported into ANSYS Workbench software. The model comprised a total of 50,772 units and
25,396 nodes. The explicit dynamics module was employed to solve the model. Contrasting
with the tensile test in Section 3, which involves static load tension, ANSYS Workbench
software simulates the impact of dynamic loading. Given that dynamic loading impacts
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necessitate superior material strength properties, it is anticipated that the energy absorbed
by the spring in the numerical simulation will be less than that in the test.

The protective device of Specification I had a 65 Mn spring with a wire diameter of
4 mm and 16 turns. The protective device of Specification Il had a 65 Mn spring with a wire
diameter of 5 mm and 13 turns. The other structural materials of the model were structural
steel. Considering that 65 Mn conformed to the GB/T61 standard, structural steel was the
default material of ANSYS, and the permissible shear stress coefficient of the materials was
0.7 [31]. The boundary conditions were the roof and the fixed supporting points on the
roof. Different initial velocities were applied to the cross section of the broken anchor wire
above the roof as the load was applied. The length and diameter of anchor wire breaking
and ejection were 0.3 m and 6 mm, respectively.

The numerical simulation results are analyzed in accordance with first strength theory
and third strength theory to determine whether the anchor cable protection device is
damaged. The geometric structure and the load and constraint positions of the anchor
cable protection device are shown in Figure 10. The flowchart of the ANSYS Workbench
simulation is shown in Figure 11. The material parameters of the anchor cable protection
device are provided in Table 1. The technical parameters of the anchor cable protection
device are listed in Table 2.

Anchor rope broken wires
(Applying speed)

Anchor cable
i
Roadway roof i
(Fixed support) m
[l
f
I . PFixed wire
I (Fixed support)
I
Protection device
\Xé

Figure 10. Schematic of the load and constraint positions of the anchor protective devices.
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Figure 11. The flowchart of the ANSYS Workbench simulation.

Anchor protective device with Specification I: At an anchor wire breaking and ejection
speed of 70 m/s, the maximum principal stress of the protective device is displayed in
Figure 12, the maximum shear stress is shown in Figure 13, and the total deformation and
equivalent elastic strain are exhibited in Figure 14.
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Table 1. Properties of the anchor protective devices and other materials.

Young's Shear . . . Shear Force and Permissible
Material Modulus Modulus Bulk h“fl%d“'“s Poisson Ratio DIR?IS’:Y Str Er;sl:;lf/lP Str Kl:lleP Tensile Force Shear Stress
/GPa IGPa eng a eng a Coefficient /MPa
Structural steel 1950 1.86 0.00038 45 1.59 460 250 / /
Mné65 1950 1.86 0.00038 45 1.59 980 785 0.7 686

Table 2. Technical parameters of the anchor protective device models.

Wire Diameter of Total Height Sorine Height Spring Wire Total Number Protective Wall Height Thickness of
Protective Device 0 a/ €18 pring wieig Diameter of Turns of Spring Base Spring Base
mm /mm
/mm /mm /turns /mm /mm
25 100 85 5 13 8 1
25 100 85 5 16 8 1

Type:Maximum Principal Stress

4.5647X10°
2.3998X10°

1.5223X10°

7.0235X 10°

7.2843 X108

Local tensile 1.0233%10%

failure 5. 5061 X 10
[2.6108X10° ),

[6.1797X10° (

3.0289X 107

2.2538X 107
(ST X 9
1. 7992 X 10 Surface without Local tensile G52 100 [ 3.8958 10
" damage failure
8.8448X 10° ) damage i) Local tensile <
Y Y ;
Local tensile
UnitPa [ [ ——— failure
7.8538X10° 6. 1354 X107 4. 4169 X 107 2.6985X 10f 9.8X10%
6. 9946 X 107 5. 2761 X 107 3. 5577 X 107 1.8392X 10f 1. 2689 X 10%

Figure 12. Diagram of the maximum principal stress distribution of the protective device.

Type:Maximum Shear Stress

-—p -—p

3.2232X10°

2.4474X10° )
9. 3886 X 10%

8.7535X 10%

4. 3401 X 10°,
»

2. oagaxw@\*
(PN Local shear
5.6982X10°(Q— \
~ failure
[2.6338X10°
3.038X 105 1. 3507 X107

[2.9318%10%), "
X 5324 10° 1. 8386 X 10
\ Surface shear I ——__Local shear

3.9305X10%

1.1282X 107
[1.6359X 10° (

2. 7444 X 10°
2. 5567 X 10° 3 . 5 N
failure O 9. 8987 X 10?
q 5
ZELEXI g QRGN Local shear
failure
Unit:Pa |
1. 7423 X107 2.7142X10° 1.7001 X 10° 6.86X 10%
3.2212X10° 2.2071X10° 1. 193X 10 0

Figure 13. Diagram of the maximum shear force distribution of the protective device.

The ejection energy was 163 J at an anchor wire breaking and ejection speed of 70 m/s.
In accordance with first strength theory and combined with Figure 12, stress concentration
was determined to occur on the surface of the middle spring section. The peak principal
stress was about 2253 MPa, indicating tensile failure, while the local principal stress was
884 MPa, reflecting no failure. The cross section of the spring demonstrated local tensile
failure, and stress in the middle section of the spring was distributed in a ring shape, which
was small inside and large outside. The principal stress in the center of the cross section
was about 728 MPa, and the principal stress in the outer ring was about 4565 MPa. That is,
the spring was intact inside, and tensile failure occurred outside. In accordance with third
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strength theory and combined with Figure 13, stress concentration was observed to occur
on the surface of the middle section of the spring. The maximum shear stress peak value
was about 2744 MPa, resulting in shear failure. The cross section of the spring exhibited
local shear failure. The stress of the cross section of the spring was distributed in a ring
shape. The maximum shear stress at the center of the cross section was about 393 MPa,
and the maximum shear stress at the outer ring was about 3223 MPa. That is, the surface
of the spring experienced shear failure but remained intact inside. As shown in Figure 14,
the maximum elastic strain of the spring was 4.7% and the maximum deformation was
0.076 m. The lower part of the spring of the protective device was deformed considerably,
whereas the upper part was hardly deformed.

Type:Total Deformation Type:Equivalent Elastic Strain

| | I T
0.07608; 0.0084541 0047094 0036628 0026163 0015698 0.0052326
Unitm 0067633 0050725 0033816 0016908 0 Unitm/m 041861 003139 002093 0010465 0

Figure 14. Distribution diagram of total deformation and equivalent elastic deformation.

At an anchor wire breaking and ejection speed of 80 m/s, the maximum principal
stress, maximum shear stress, total deformation, and equivalent elastic strain of the protec-
tive devices are depicted in Figures 15-17.

Type:Maximum Principal Stress

5.6216X 109

Local tensile
P 3. 7811 X 10°
2. 741 X109

6.8816X 108

Local tensile
failure

1. 325X 107

4. 7493 X 10°

Local tensile
failure

8.9293X 10° P Surface without damage 1. 6822107

Local tensile
failure

Unit:pa I [ I ]
10023 1010 7.7623% 10° 5.5015% 10% 3.2408X 109 9.8 10°
8.8927%10° 6.6319% 10° 13712 107 21104 10°

-3. 8066 X 10%

Figure 15. Diagram of the maximum principal stress distribution of the protective device.

The ejection energy was 214 | at an anchor wire breaking and ejection speed of 80 m/s.
Combining first strength theory and Figure 15, stress concentration appeared on the surface
of the middle spring section, and the peak principal stress was about 2003 MPa, resulting
in tensile failure. The principal stress in the middle and upper sections was 622 MPa,
indicating no failure. The cross section of the spring exhibited local tensile failure, and the
cross-section stress of the spring presented an asymmetric annular distribution, with the
central principal stress of the cross section being around 688 MPa and the outer principal
stress being approximately 5621 MPa. That is, the inner part of the spring was intact while
the outer part underwent tensile failure. In accordance with third strength theory combined
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with Figure 16, stress concentration occurred on the surface of the middle spring section.
The maximum shear stress was around 2702 MPa, and shear failure occurred. A complete
shear failure was generated on the lower segment of the spring section, and local shear
failure of the section appeared at other positions. Stress on the spring section exhibited
an asymmetric annular distribution, i.e., small inside and large outside. Shear stress at
the center of the cross section was about 1142 MPa, while shear stress at the outer ring
was approximately 3632 MPa. That is, the inner part of the spring was intact, whereas
the outer part was damaged by shear. As shown in Figure 17, the maximum elastic strain
of the spring was 6.1% and maximum deformation was 0.087 m. The lower part of the
spring of the protective device was deformed considerably, whereas the upper part was
hardly deformed.

Type:Maximum Shear Stress

3.6323X10°
1. 7779 X 10°

2. 8148108 ~Local shear

q\\ failure
Surface without 2. 058X 10 /
damage 4.6081X 107

1. 1424 X 10°

2.3647 X107
2.8802X 107

[5.9117X107
1. 169X 10

1.9229% 10° —___ Surface shear 11024107 @— Completely
. [2.7026X 10 failure % shear failure
_— 3.0033X10° Local shear
2.9264X10° N ";‘-;Iih:,nl:.'"
(2805107 (o~~~ Surface shear 2. 1412X10°.

failure 5. 8848 X108 ‘

Completely
12.0354%10° ) shear failure
Unit:Pa e I [T
6. 1915X10° 1. 8151 X107 3. 4387 X107 2. 0624 X107 6. 86X 10%
5.5033 X107 1. 1269 X109 2. 7506 X107 1. 3742X 107 0

Figure 16. Diagram of the maximum shear force distribution of the protective device.
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Figure 17. Distribution diagram of total deformation and equivalent elastic deformation.

The limit impact load of the protective device with Specification I was only 70 m/s.
The lower part of the spring was rapidly stretched and deformed after being hit, and the
diameter was reduced, due to the thin wire diameter of the spring. The inner wall of
the spring was locked up upon contact with the outer wall of the anchor end, leading to
the tensile failure of the lower part of the spring. The upper part was hardly stretched,
significantly weakening the energy absorption performance of the spring, which was
considerably less than the energy absorption data measured via the spring tensile test.
Increasing the wire diameter of the spring can slow down the stretching speed of the spring
and enhance its energy absorption performance during stretching.

Anchor protective device with Specification II: At an anchor wire breaking and ejection
speed of 160 m/s, the maximum principal stress of the protective devices is shown in
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Figure 18, the maximum shear stress is displayed in Figure 19, and total deformation and
equivalent elastic deformation are exhibited in Figure 20.
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Figure 18. Diagram of the maximum principal stress distribution of the protective device.
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Figure 19. Diagram of the maximum shear force distribution of the protective device.
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Figure 20. Distribution diagram of total deformation and equivalent elastic deformation.
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The ejection energy was 854 ] at an anchor wire breaking and ejection speed of 160 m/s.
Combining first strength theory and Figure 18, stress concentration appeared on the surface
of the middle section of the spring, and the peak principal stress was about 11.89 GPa,
resulting in tensile failure. Local principal stress in the middle and lower sections was about
694 MPa, and local principal stress in the middle and upper sections was about 605 MPa, all
of which were not damaged. The cross section of the spring exhibited local tensile failure,
and stress in the middle and upper sections of the spring presented an asymmetric annular
distribution. Principal stress in the center of the cross section was about 485 MPa, and
principal stress in the outer ring was around 12.43 GPa. That is, the spring was intact inside
while tensile failure occurred outside. In accordance with third strength theory combined
with Figure 19, stress concentration occurred on the surface of the middle section of the
spring, and the maximum shear stress peak was about 4499 MPa, resulting in shear failure.
The cross section of the spring experienced local shear failure, and stress of the spring
section was distributed in a ring shape, i.e., small inside and large outside. The maximum
shear stress at the center of the cross section was about 606 MPa, and the maximum shear
stress at the outer ring was approximately 7254 MPa. That is, the surface of the spring
went through shear failure, but it was intact inside. As shown Figure 20, the maximum
elastic strain of the spring was about 7.7%, and the maximum deformation was 0.26 m. The
middle and lower parts of the spring of the protection device were deformed considerably,
while the upper part was not.

At an anchor wire breaking and ejection speed of 170 m/s, the maximum principal
stress of the protective device is shown in Figure 21, the maximum shear stress is displayed
in Figure 22, and the total deformation and equivalent elastic strain are exhibited in
Figure 23.
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Figure 21. Diagram of the maximum principal stress distribution of the protective device.

Ejection energy was 964 ] when the anchor wire breaking and ejection speed was
170 m/s. In accordance with first strength theory combined with Figure 18, stress concen-
tration appeared on the surface of the middle section of the spring, and the peak value of
principal stress was about 4726 MPa, resulting in tensile failure. The local principal stress in
the lower section was around 375 MPa, and local principal stress in the upper section was
approximately 859 MPa, all of which were not damaged. The middle and upper section of
the spring went through local tensile failure, and stress in the middle and upper sections of
the spring presented an asymmetric annular distribution. Principal stress at the center of
the section was about 398 Pa, while principal stress at the outer ring was approximately
14.16 GPa. That is, the spring was intact inside but tensile failure occurred outside. In accor-
dance with third strength theory combined with Figure 19, stress concentration occurred
on the surface of the middle and lower sections of the spring, and the maximum value
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of the peak shear stress was about 4330 MPa, resulting in shear failure. The middle and
lower sections of the spring experienced local shear failure, while the upper and middle
sections displayed complete shear failure. At complete shear failure, the cross-section stress
of the spring presented an asymmetric annular distribution. The maximum shear stress at
the center of the cross section was about 891 MPa, and the maximum shear stress at the
outer ring was around 8190 MPa. As shown in Figure 20, the maximum elastic strain of the
spring was approximately 11.4%, and maximum deformation was 0.27 m. The middle and
lower parts of the spring of the protective device were deformed considerably, while the
upper part was not.
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Figure 22. Diagram of the maximum shear force distribution of the protective device.
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Figure 23. Distribution diagram of total deformation and equivalent elastic deformation.
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The ultimate impact load of the anchor protective device with Specification II was
160 m/s, which was considerably higher than the anchor protective device with a wire
breaking and ejection speed of 48 m/s. As the spring wire diameter of the protective
device increased from 4 mm to 5 mm, the elastic coefficient of the spring was improved.
After the protective device was hit, the large deformation of the lower part of the spring
was improved, and the middle part of the spring was not locked up with the anchor end,
avoiding stress concentration in the lower part of the spring that will result in failure. The
tensile deformation of the middle section of the spring absorbed a large amount of impact
kinetic energy, which increased the ultimate impact load of the protection device from
70m/s to 160 m/s, meeting the protection requirements for anchor wire breaking and
ejection. However, the upper section of the spring was still locked up upon contact with the
anchor end, limiting the energy absorption effect of the spring. In summary, spring texture
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can be improved or spring wire diameter can be increased to improve its elastic coefficient
further. In addition, spring diameter and spacing between the spring and the anchor can
be increased to prevent the upper spring section from being locked up upon contact with
the anchor, further improving the energy absorption effect of protective devices.

Findings from the research indicate that the protection efficacy of the 5 mm diameter
spring device surpasses that of its 4 mm counterpart.

5. Engineering Application

Informed by the aforementioned studies, the 5 mm diameter spring protection device
was selected for large-scale production and subsequently implemented in the 1511 (1)
headentry roof anchor tests in Zhangji Mine. The roadway was supported by a network
of anchor cables. Each anchor cable, a high-strength prestressed steel strand, measured
@22 x 6300 mm, with a spacing of 1250 mm and row spacing of 900 mm. The anchor
bolt, made of screw steel, had dimensions of @20 x 2500 mm, a spacing of 900 mm, and
row spacing of 750 mm. A dedicated individual from the mine was assigned to routinely
monitor the anchor cable and measure the tensile deformation produced by the protective
device using a steel tape. The protective devices for engineering application are as shown
in Figure 24.

Figure 24. Engineering application of spring protection devices.

Notably, the average roof displacement registered was 31 mm, and only a single
incident of anchor cable pull-out and ejection was recorded. Crucially, the cable remained
contained through the spring protection device, underscoring its practical viability.

6. Discussion

The working conditions of anchor cables in coal mine roadways present a challenge in
observing the ejection speed of a breaking anchor cable wire in the field. This difficulty is
also mirrored in the laboratory due to the unique hinged structure of the anchor wire. To
overcome this, Section 2 cleverly utilizes the strain energy density of the anchor cable wire
during the unloading stage to accurately determine the maximum strain energy and the
initial speed at which maximum breakage ejection occurs. This research forms the basis
for the development of an anchor cable protective device. In Section 3, a tensile test of the
protective device is conducted to ascertain its energy absorption limit under static load
conditions, relative to the breaking ejection speed of the anchor cable. This test serves
as a mechanical performance parameter for the protective device and sets the stage for a
numerical simulation study under dynamic load conditions, such as when an anchor cable
breaks and ejects. Numerical simulation, with its advantages of strong intuitiveness, high
repeatability, and low cost, is employed in Section 4; the stress and deformation data for
the protective device under varying speeds of the anchor wire can be obtained intuitively
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by using ANSYS Workbench simulation. These results provide pertinent parameters for
experimental design under laboratory conditions, thereby accelerating research progress.
Section 5 introduces the application of the protective device in coal mine roadway anchor
cable support and verifies its effectiveness. During field application, potential defects in the
protective device can be identified for further optimization and improvement. The findings
from this research offer valuable insights into the ejection and protection of anchor wires.

7. Conclusions

By exploring the kinetic energy of anchor wire breaking and ejection, the following
conclusions were drawn.

1.  Inaccordance with the tensile test of anchor wires and the case analysis of anchor
wire breaking and ejection, the strain energy density of anchor wire breaking and
ejection was 27.528 x 10° J/m?3, the breaking and ejection speed of the anchor wire
that was 0.3 m in length was 48 m/s, and anchor wire breaking length was directly
proportional to strain energy but inversely proportional to ejection speed.

2. The tensile test of protective devices indicated that in case of the ultimate stretching
of a protective device with a spring wire diameter of 4 mm by 1.03 m, the absorbable
energy was 1424 ]. The absorbable energy was 1308 | in the event of the ultimate
stretching of a protective device with a spring wire diameter of 5 mm by 0.83 m.

3. Asrevealed in the numerical simulation through ANSYS, after the protective device
with a spring wire diameter of 4 mm was hit, the middle section of the spring was
locked up upon contact with the anchor end, failing to provide full play to spring
performance. After the protective device with a spring wire diameter of 5 mm was hit,
the middle section of the spring did not experience tightening or did not get stuck, the
effective elongation of the spring increased, and the ultimate impact load increased
from 70 m/s to 160 m/s, meeting the field protection requirements.

4.  The performance of protective devices can be further improved by increasing the
elastic coefficient and diameter of the spring in a protective device.

5. The anchor cable protective device proposed in this paper has the characteristics of
high safety and recyclability, which can provide an effective solution for the breaking
protection of anchor cable wire in mine roadways.
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