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Abstract: In order to enhance the anti-impact mechanical properties of the roadway support system,
an automatic anchoring pre-tightening energy absorbing anchor composed of rod body, tray, constant
resistance energy absorber, energy-absorbing casing bulging block, pre-tightening force warning
washer, and nut and anchorage force warning stopper was designed and developed for the special
requirements of rock burst roadway support. The anchor can automatically judge the anchoring
force and pre-tightening force of the anchor, and also has the functions of energy absorption and
early warning. The static load tensile test and impact test are used to study the mechanical properties
of the energy absorbing anchor, such as the displacement distance, energy absorption, and impact
time, and they are then compared with the mechanical properties of the conventional anchor. It is
concluded that under static load, the yielding distance of the energy absorbing anchor is 1.67 times
that of conventional anchor. The absorbed energy is 1.61 times that of the conventional anchor. Under
the impact load, the displacement distance of the energy absorbing anchor is 2.02 times that of the
conventional anchor. The absorbed energy is 1.85 times that of the conventional anchor, and the
anti-impact time is 1.47 times that of the conventional anchor. The energy absorbing anchor increases
the constant resistance deformation stage of the energy absorber during the deformation process, so
that the anchor has better deformation ability, energy absorption, and anti-impact ability than the
conventional anchor, and it can thus effectively guide and control the release and transformation of
surrounding rock deformation energy.

Keywords: roadway support; rock burst; energy absorbing anchor; mechanical properties; anchor design

1. Introduction

Surrounding rock control of a deep roadway is one of the theoretical bottlenecks and
key problems in deep mining. Among these problems, the coordination between support
and roadway surrounding rock is the core problem of deformation control of deep roadway
surrounding rock.

Anchor support is a kind of reinforcement support often used in roadway support,
which is to change the mechanical state of the surrounding rock itself through the anchor
inside the surrounding rock, and then use the anchor and the surrounding rock to work
together to maintain the stability of the roadway. The behavior mechanism, application, and
mode of bolts have evolved into standard practices for all types of underground excavation,
significantly improving the overall rock mass properties [1]. In recent years, it has been
proved that the use of energy absorbing anti-impact support can effectively control the
deformation of the surrounding rock of the roadway and can effectively prevent the impact
ground pressure of the roadway [2,3].

Scholars at home and abroad have conducted a lot of research on anchor rods and
have obtained research results. Krzysztof [4] designed and tested anchor load cells, the ef-
fectiveness of which has been experimentally confirmed for anchor support. Małkowski [5]
studied three roadways in hard coal mines under different support schemes to verify
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the correctness of roadway support selection under specific mining and geological con-
ditions. Matayev [6] determined the efficiency and prospects for the use of combined
anchor and shotcrete support, which improves the reliability of mine operations and min-
ers’ labor productivity while ensuring a reduction in its material consumption and costs.
Skrzypkowski [7] used indoor tests to determine quasi-static coefficients and to determine
load-displacement characteristics of partially buried anchors, and on this basis, stress-strain
characteristics were analyzed. Knox [8] pointed out that deep and highly stressed mines
are susceptible to mining-induced seismic activity and that energy-absorbing anchors can
withstand large loads and accommodate large deformations. Impact tests were used to
determine the maximum displacement and dissipation energy of energy-absorbing anchors
before fracture. Kang [9] studied the mechanical properties of various components of
anchor rods, including rod body, threaded section, butt plate, spherical washer, and friction
reducing washer. Wu [10] analyzed the impact resistance of different toughness anchor
rods from the micro-fine viewpoint. Dong [11] designed an energy absorbing anti-impact
anchor support member mainly by using the energy absorbing property of axial tearing
and the curling deformation of metal round tubes. Ning [12] proposed a method to re-
duce anchor rod breakage by improving the stress state of the anchor rod, changing the
anchor rod anchoring method, and optimizing the shape of the rod, and he designed a
rebar anchor rod with a new shape structure. He [13] independently developed constant
resistance large deformation anchor rods adapted to the surrounding rock support of soft
rock roadways and deep roadways. Wang [14] studied the mechanical properties and
engineering applications of constant resistance energy absorbing anchor rods with good
impact resistance and overall deformation capacity. Fu [15] concluded that the reasonable
arrangement of anchor rod (cable) support parameters can improve its working interval
of synergistic impact prevention and reduce the damage of impact ground pressure on
the surrounding rock of the roadway. Wang [16–20] designed different anchors based on
the principle of energy absorption by structural deformation and studied their static and
dynamic mechanical properties with good energy absorption and impact prevention.

The results of existing studies show that adding energy absorbing devices with energy
absorbing characteristics to the anchor rod design can effectively absorb the impact energy
of the surrounding rock and enhance the mechanical properties of the anchor rod against
impact. However, the existing energy absorbing anchor rods are costly, the constant
resistance performance needs to be improved, the judgment of anchorage force and preload
force during construction is time-consuming and laborious, and the downhole workers
are not clear about the force status of the anchor rods (no warning function). To solve
this problem, an automatic anchor preload energy absorbing anchor rod (referred to as an
energy absorbing anchor rod) is designed and developed, and the mechanical characteristics
of the energy absorbing anchor rod are studied by static load tensile test and impact test
and then compared with those of a conventional anchor rod.

2. Energy Absorbing Anchor Design
2.1. Energy Absorbing Anchor Structure

In order to enhance the anti-impact mechanical properties of the roadway support
system, an automatic anchoring pre-tightening energy absorbing anchor composed of rod
body, tray, constant resistance energy absorber, energy-absorbing casing bulging block, pre-
tightening force warning washer, and nut and anchorage force warning stopper has been
innovatively designed and developed for the special requirements of rock burst roadway
support. The schematic diagram of energy absorbing anchor construction is shown in
Figure 1. The energy absorbing anchor rod body, tray, constant resistance energy absorber,
energy-absorbing casing bulging block, and nut and anchorage force warning stopper are
all made of metal, and the pre-tightening force warning washer is made of resin. The
tray provides support and spreads the load between the anchor rod and the coal (rock)
body to prevent the anchor rod from failing due to excessive load. The nut compresses
the pallet to apply pre-stress to the anchor rod, the deformation of the surrounding rock
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is transferred to the rod body through the pallet and nut, the working resistance of the
rod body increases to control the deformation of the surrounding rock, and the energy-
absorbing casing bulging block plays the role of adjusting the energy-absorbing resistance
after expanding and deforming.
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Figure 1. Energy absorbing anchor structure diagram.

The right outer surface of the energy absorbing anchor rod is provided with an external
thread, the nut is screwed to the right end of the rod through the external thread, and
the anchorage force warning stopper is fixed on the axial right end of the nut. The pre-
tightening force warning washer, the energy-absorbing casing bulging block, the constant
resistance energy absorber [21], and the tray are set on the rod body in order, as shown in
Figure 2. The constant resistance energy absorber is a thin-walled round tube structure,
the right end of the constant resistance energy absorber has a flared mouth structure, the
constant resistance energy absorber is coated with reflective paint, and the bearing capacity
of the constant resistance energy absorber is designed to be 95–100% of the yield force of
the rod. The left side of the energy-absorbing casing bulging block is a conical structure, the
right side is a cylindrical structure, the right end is a flat structure, and the center is to the
left of the rod penetration hole. The conical structure of the energy-absorbing casing bulging
block is in contact with the flared structure of the constant resistance energy absorber.
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Figure 2. The actual structure of energy absorbing anchor (a) before assembly; (b) after assembly.

During the installation process, the drilling rod is first used to make a hole in the coal
(rock) body, and then the energy-absorbing anchor rod is screwed into the hole by relying
on a certain torque. This fundamentally improves the strength and safety of the support
structure; enhances the efficiency and quality of the anchor installation process; makes the
monitoring of pre-stress and anchorage force more convenient, accurate, and systematic;
greatly improves the efficiency of coal mine employees; reduces the waste of human and
material resources; and ensures that the deep shaft anchor support solution has higher
economic practicality and technical feasibility.

2.2. Functional Characteristics of Energy Absorbing Anchor
2.2.1. Automatic Determination of Anchorage Force

Anchor anchoring force is the ability of the anchor rod to consolidate the surrounding
rock by resin anchorant, and it is an important indication of the working effectiveness of the
anchor rod. In advance, according to the anchor force value to be achieved by the anchor
rod, the force of the designed rod breaking through the anchorage force warning stopper is
the anchor force value. In the process of anchor installation, when the nut is screwed into
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the rod for the first time, the nut should be screwed until the rod rests on the anchor force
warning stop, then screw the nut should continue to be screwed. If the rod does not break
through the anchor force warning stop and rotate with the nut, it means the anchor force
of the rod does not reach the design requirement; if the rod can break through the anchor
force warning stop so that the nut can continue to screw in the rod, it means the anchor
force of the rod reaches the design requirement. The anchoring force of the rod has reached
the design requirement. The anchorage force is automatically determined by observing the
state of the anchorage force warning stopper of the energy absorbing anchor.

2.2.2. Automatic Determination of Preload Force

Anchor preload is the axial tension force exerted on the anchor rod during its installa-
tion. In advance, according to the anchor rod’s need to achieve the value of preload force,
the design preload force warning washer is squeezed with broken force for the anchor
preload force value. In the process of tightening the nut, when the pre-tightening force
warning washer clamped between the energy-absorbing casing bulging block and the nut
is squeezed and broken, it means that the preload force exerted by the nut on the rod
reaches the design requirements, otherwise it does not reach the design requirements. By
observing the breakage of the pre-tightening force warning washer, the preload force can
be automatically judged.

2.2.3. Early Warning Function and Logo

The outer surface of the tube body of the constant resistance energy absorber is coated
with reflective paint. When the expansion and deformation of the constant resistance energy
absorber occurs, the color of the reflective paint warning mark disappears, indicating that
the rod has entered the yielding stage. By observing whether the color of the reflective
paint mark on the outer surface of the tube body disappears, the purpose of the warning
effect is achieved.

2.3. Anti-Impact Mechanism of Energy Absorbing Anchor and Applicability Analysis

After the installation of the energy absorbing anchor under the impact load of the
surrounding rock, when the impact load is less than the energy absorber bearing capacity,
when the energy absorber is not deformed, and when the rod is in the elastic stage, the
bearing capacity rises linearly. When the impact load reaches the threshold value of the
energy absorber deformation load, the energy absorber constant resistance deformation
is damaged, and in the process of deformation damage to absorb the impact energy, the
bearing capacity is in the constant stage. After the end of the energy absorber deformation,
if the impact load is still greater than the threshold value of the energy absorber defor-
mation load, the rod becomes the main body of the load, subjected to the tension of the
yielding stage, and the bearing capacity has a small increase and remains constant. If the
yielding stage of the rod is over, the impact load continues to increase, the rod enters the
strengthening stage, and the bearing capacity continues to rise until the rod is pulled off
and the anchor fails.

Energy absorbing anchor rods are suitable for most of the impact ground pressure
roadways, and the actual field shows that the stress concentration area of the mine is not
only subject to high static load but is also subject to frequent impact load. Energy-absorbing
anchors are implanted into the coal rock around the roadway to maintain the integrity of the
surrounding rock, improve the stress distribution in the roadway, and increase the ability of
the surrounding rock to resist dynamic load impact. The test results show that the energy-
absorbing anchor rod exhibits significant plastic deformation characteristics, whether it
is loaded statically or by impact loading, and the anchor rod and the surrounding rock
form a reduced propensity to impact, while the support resistance provided by the energy-
absorbing anchor rod can increase the critical load of the impact ground pressure occurring
in the roadway. The energy absorbing anchor has a special structure of a constant resistance
energy absorber and an energy-absorbing casing bulging block. Under the action of
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impact load or static load, when the constant resistance energy absorber is squeezed by the
energy-absorbing casing expander and deformation occurs, the constant resistance energy
absorber directly absorbs the energy released during the deformation of the surrounding
rock through its own plastic deformation and indirectly absorbs the energy released during
the deformation of the surrounding rock by giving way to space. It can realize the self-
balancing of the surrounding rock stress and improve the stability of the “energy absorbing
anchor—roadway surrounding rock” support system.

3. Analysis of Mechanical Properties of Anchor under Static Load
3.1. Basic Parameters of Specimen
3.1.1. Basic Parameters of Conventional Anchor Specimen

In order to study the mechanical properties of conventional anchor rods, the tests are
conducted using Q235 steel processed conventional anchor rods for quasi-static tensile
tests. The length of conventional anchor rods is 2 m, the diameter is 22 mm, the front and
rear ends have 300 mm threads for anchoring, and the wall thickness of the anchor tray is
8 mm. The basic parameters of the conventional anchor rods are shown in Table 1.

Table 1. The basic parameters of the conventional anchor rods.

Anchor
Length

/m

Anchor
Diameter

/mm

Anchor
Tray Wall
Thickness

/mm

Material
Model

Yield
Strength

/MPa

Ensile
Strength

/MPa

Density
/g·cm−3

Modulus of
Elasticity

/GPa

Poisson’s
Ratio

2 22 8 Q235 235 380 7.85 207 0.27

3.1.2. Basic Parameters of Energy Absorbing Anchor Specimen

In order to study the mechanical properties of energy absorbing anchor rods, a Q235
steel energy absorbing anchor rod is used for quasi-static tensile testing. The length of
the energy absorbing anchor rod is 2 m, the diameter is 22 mm, the front and rear ends
have 300 mm threads for anchoring, and the wall thickness of the anchor tray is 8 mm.
The length of the constant resistance energy absorber is 150 mm, with a 41 mm inner wall
diameter and a 3 mm wall thickness. The cone angle of the left side of the energy-absorbing
casing bulging block is 53.6◦, and it has a 15 mm height and a 50 mm diameter of the right
side of the cylindrical structure. The basic parameters are shown in Table 2, and the energy
absorbing anchor is shown in Figure 3.

Table 2. The basic parameters of the energy absorbing anchor rods.

Anchor
Length

/m

Anchor
Diameter

/mm

Anchor Tray
Wall

Thickness
/mm

Length of
Constant

Resistance
Absorber

/mm

Inner Wall
Diameter

/mm

Wall
Thickness

/mm

Cone Angle
of Conical

Surface
/(◦)

Height of
Cylindrical
Structure

/mm

2 22 8 150 41 3 53.6◦ 15

Diameter of cylindrical
structure/mm

Material
Model

Yield
strength

/MPa

Ensile
strength

/MPa

Density
/g·cm−3

Modulus of
elasticity

/GPa

Poisson’s
ratio

50 Q235 235 380 7.85 207 0.27
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3.2. Study on Static Load Test of Conventional Anchor

The test was conducted by a microcomputer-controlled electrical tensile testing ma-
chine for quasi-static tensile testing of anchor rods, and the test rig included a loading
system, a load control system, and a monitoring display system. The model of the tester is
LAW-600 with a capacity of 600 KN, power of 5 KW, and a tensile rate setting of 50 mm/min.
The test setup is as shown in Figure 4. Regarding anchor rod static load test system usage,
after the hydraulic system motor starts running, it drives the oil pump to start. The high
pressure oil then enters the working cylinder, the working piston is pushed and makes
the cross beam move, and the cross beam drives the front chuck to move through the tie
bar. When the beam is ejected, the distance between the front collet and the rear collet
increases, and the tensile test is conducted. During the tensile test, the sensor can transmit
the pressure and displacement changes as signals to the microcomputer system. Through
the collection of pressure and displacement by the microcomputer system, the computer
screen shows the curve of the specimen tensile test parameters, and the experimental data
can be post-processed at the same time.
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The test force and the displacement data are obtained from the anchor rod test system,
and the energy absorbed by the anchor rod is obtained by integrating the force-displacement
curve. The static force-displacement curve of the anchor rod is measured by the static load
tensile test, so that the energy absorbed by the anchor rod under static load is obtained.
The bearing capacity-displacement curve and energy absorption characteristic curve of
conventional anchors are shown in Figure 5.

From Figure 5, it can be seen that (1) during the tensile process, the conventional
anchor rod is mainly wired in three stages of elastic deformation, yield deformation, and
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strengthening deformation (the anchor rod breaks instantly after reaching tensile strength).
The displacement of elastic deformation, yield deformation, and strengthening deformation
are 10.17 mm, 46.61 mm, and 140.39 mm, accounting for 5.2%, 23.6%, and 71.2% of the
total displacement, respectively. (2) The energy absorbed in the elastic deformation stage,
yield deformation stage, and strengthening deformation stage of the conventional anchor
is 0.72 kJ, 4.93 kJ and 26.34 kJ, accounting for 2.3%, 15.4% and 82.3% of the total energy
absorbed, respectively.
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3.3. Study on Static Load Test of Energy Absorbing Anchor Anchor

The energy absorbing anchor static load tensile test is shown in Figure 6, and the
constant resistance energy absorber before and after the test is shown in Figure 7.
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The comparison of the mechanical property curves of the conventional anchor and the
energy absorbing anchor under static load is shown in Figure 8, and the comparison of the
mechanical properties of the conventional anchor and the energy absorbing anchor during
loading is shown in Table 3.
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Table 3. Comparison of the mechanical properties of the conventional anchor and energy absorbing
anchor.

Anchor Form Yield Distance/mm Absorbed Energy/kJ Damaged Load/kN

conventional anchor 197.17 31.99 192.14
energy absorbing anchor 329.58 51.62 193.40

From Figure 8 and Table 3, it can be deduced that (1) in the tensile process, the energy
absorbing anchor is mainly wired with four stages: elastic deformation, constant resistance
absorber yield deformation, yield deformation, and strengthening deformation. Compared
with the conventional anchor, the energy absorbing anchor increases the deformation stage
of the constant resistance energy absorber. (2) In the tensile process, the displacements of the
elastic deformation stage, constant resistance absorber yielding deformation stage, yielding
deformation stage, and strengthening deformation stage of the energy absorbing anchor
are 43.33 mm, 130.93 mm, 26.23 mm, and 129.09 mm, accounting for 13.1%, 39.7%, 8%, and
39.2% of the total displacements, respectively. The yield distances of conventional anchors
and energy absorbing anchors are 197.17 mm and 329.58 mm, respectively, the difference
between them is 132.41 mm, and the yield distance of the energy absorbing anchors is
1.67 times of that of conventional anchors. (3) In the tensile process, the energy absorbed in
the elastic deformation phase, the yield deformation phase, the yield deformation phase,
and the reinforcement deformation phase of the energy absorbing anchor are 4.03 kJ,
19.63 kJ, 3.69 kJ, and 24.27 kJ, accounting for 7.8%, 38%, 7.2%, and 47% of the total absorbed
energy, respectively. The absorbed energy of the conventional anchor rod and energy
absorbing anchor rod are 31.99 kJ and 51.62 kJ, respectively, and while the difference
between them is 19.63 kJ, the absorbed energy of energy absorbing anchor rod is 1.61 times
of the absorbed energy of conventional anchor rod. (4) In the tensile process, the damaged
loads of conventional anchor rod and energy absorbing anchor rod are 192.14 kN and
193.40 kN, respectively, which indicates that the difference in bearing capacity between
conventional anchor rod and energy absorbing anchor rod under static load is small. (5) In
the tensile process, the energy absorption anchor is divided into two parts: one is the
expansion energy absorption of constant resistance energy absorber, and the other is the
energy absorption of the anchor rod itself under tension. The constant resistance energy
absorber has good constant resistance performance in the process of compression, and also
has a more stable deformation damage mode.
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4. Analysis of Mechanical Properties of Anchor under Impact Load
4.1. Study on Impact Load Test of Conventional Anchor

The test was conducted using a 300 KN anchor impact test rig for conventional anchor
rods. The test rig consisted of a clamping system, a loading system, a load control system,
and a monitoring display system, and the impact loading is set to 24 tons, with the test
setup as shown in Figure 9. Regarding the anchor rod impact load test system usage, the
control pump in the anchor rod impact test platform should be turned on, the pressure
value in the “static pressure setting value” for static pressure loading should be entered,
the “hydraulic cylinder forward” button should be used to adjust the hydraulic cylinder
position and change the “static pressure setting value”, and the high pressure pump should
be turned on, the given pressure in the “dynamic pressure setting value” for dynamic
pressure loading should be entered, and the accumulator will then be pressurized and
enter the impact phase. Regarding the “static pressure setting value”, the high pressure
pump should be turned on, the given pressure in the “dynamic pressure setting value”
to load the dynamic pressure should be entered, and then the accumulator is pressurized
and enters the impact stage. After that, start collecting—return valve open—impact valve
open, wait for 3–5 s after impact, close each button in turn, reset the hydraulic cylinder,
give 0 to “static pressure set value”, and turn off the control pump. Finally, open the
history curve, and select the file you need to read, while the experimental data can be found
post-processing operations.
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The dynamic force-displacement curve of the anchor rod is measured by the impact
load loading test, and the energy absorbed by the anchor rod is obtained by integrating the
force-displacement curve. A comparison of the mechanical property curves of conventional
anchor rods under static load and impact load is shown in Figure 10, and a comparison of
the mechanical properties of conventional anchor rods is shown in Table 4.

From Figure 10 and Table 4, it can be deduced that (1) during the action of the impact
load, the linear elastic deformation phase of the conventional anchor rod is not obvious
due to the instantaneous action of the impact load on the anchor rod body, and there are
mainly two phases—yield deformation and strengthening deformation. The displacement
of the yield deformation phase and the strengthening deformation phase are 48.76 mm
and 117.2 mm, accounting for 29.4% and 70.6% of the total displacement, respectively.
(2) During the impact load, the energy absorbed in the yield deformation and strengthening
deformation stages of the conventional anchor is 7.07 kJ and 23.36 kJ, accounting for 24.8%
and 75.2% of the total energy absorbed, respectively. (3) The yield distances of conventional
anchor rods under static load and impact load are 197.17 mm and 165.96 mm, respectively,
with a difference of 31.21 mm, indicating that the elongation of conventional anchor rods
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under impact load is lower than that of conventional anchor rods under static load. (4) The
energy absorbed by conventional anchor rods under static load and impact load is 31.99 kJ
and 31.08 kJ, respectively, with a difference of 0.91 kJ, indicating that the difference between
the energy absorbed by conventional anchor rods under impact load and that under static
load is small. (5) The damage loads of conventional anchor rods under static load and
impact load are 192.14 kN and 203.49 kN, respectively, with a difference of 11.35 kN,
indicating that the bearing capacity of conventional anchor rods under impact load is
higher than that of conventional anchor rods under static load.
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Figure 10. Mechanical property curves of conventional anchor rods (a) bearing capacity-displacement
curve; (b) energy absorption characteristic curve.

Table 4. Comparison of mechanical properties of conventional anchor.

Loading Method Yield Distance/mm Absorbed Energy/kJ Damaged Load/kN

static load 197.17 31.99 192.14
impact load 165.96 31.08 203.49

4.2. Study on Impact Load Test of Energy Absorbing Anchor

A comparison of the mechanical property curves of energy absorbing anchor rods
under static load and impact load is shown in Figure 11, and a comparison of the mechanical
properties of energy absorbing anchor rods is shown in Table 5.
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Figure 11. Mechanical property curves of energy absorbing anchor rods (a) Bearing capacity-
displacement curve; (b) Energy absorption characteristic curve.

Table 5. Comparison of mechanical properties of energy absorbing anchor.

Loading Method Yield Distance/mm Absorbed Energy/kJ Damaged Load/kN

static load 329.58 51.62 193.40
impact load 335.37 57.63 203.31



Processes 2023, 11, 1130 11 of 14

From Figure 11 and Table 5, it can be deduced that (1) in the process of impact load, the
energy absorbing anchor mainly has three stages—the constant-resistance energy-absorbing
device giving way to deformation, yield deformation, and strengthening deformation.
The displacements of the constant-resistance energy absorbing anchor in yield deforma-
tion, yield deformation, and strengthening deformation are 121.47 mm, 63.21 mm, and
150.69 mm, respectively, accounting for 36.3%, 18.8%, and 44.9% of the total displacements,
respectively. (2) In the process of the impact load, the energy absorption anchor rod absorbs
20.65 kJ, 10.01 kJ, and 26.97 kJ in the yield deformation stage, yield deformation stage, and
strengthening deformation stage of the constant resistance energy absorber, accounting for
35.8%, 17.4%, and 46.8% of the total energy absorption, respectively. (3) The yield distances
of energy absorbing anchor rods under static load and impact load are 329.58 mm and
335.37 mm, respectively, with a difference of 5.79 mm, indicating that the elongation of
energy absorbing anchor rods under impact load is higher than that of energy absorbing
anchor rods under static load. (4) The energy absorbed by energy absorbing anchor rods
under static load and impact load are 51.62 kJ and 57.63 kJ, respectively, with a difference
of 6.01 kJ between them, indicating that the energy absorbed by energy absorbing anchor
rods under impact load is better than that under static load. (5) The damage loads of energy
absorbing anchor rods under static load and impact load are 194.40 kN and 203.31 kN,
respectively, with a difference of 9.91 kN between them, indicating that the load-bearing
capacity of energy absorbing anchor rods under impact load is higher than that of energy
absorbing anchor rods under static load.

4.3. Comparison of Mechanical Properties of Conventional Anchor and Energy Absorbing Anchor
in Impact Load Tests

A comparison of the mechanical property curves of conventional and energy absorb-
ing anchor rods under impact loading is shown in Figure 12, and a comparison of the
mechanical properties of conventional and energy absorbing anchor rods is shown in
Table 6.
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Figure 12. The comparison of the mechanical property curves of conventional anchor and energy
absorbing anchor: (a) bearing capacity-displacement curve; (b) energy absorption characteristic curve;
(c) bearing capacity-time curve; (d) displacement-time curve.
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Table 6. Comparison of mechanical properties of conventional anchor and energy absorbing anchor.

Anchor Form Yield Distance
/mm

Absorbed Energy
/kJ

Impact Resistance
Time/s Damaged Load/kN

conventional anchor 165.96 31.08 0.15 203.49
energy absorbing anchor 335.37 57.63 0.22 203.31

From Figure 12 and Table 6, it can be seen that (1) the yield distances of the conventional
anchor rod and the energy absorbing anchor rod during impact action are 165.96 mm and
335.37 mm, respectively, the difference between them is 169.41 mm, and the yield distance
of energy absorbing anchor rod is 2.02 times that of the conventional anchor rod. This
indicates that the elongation of energy absorbing anchor rods under impact load is higher
than that of conventional anchor rods under impact load. (2) The energy absorbed by the
conventional anchor rod and the energy absorbing anchor rod during impact load action is
31.08 kJ and 57.63 kJ, respectively, and the difference between them is 26.55 kJ. The energy
absorbed by the energy absorbing anchor rod is 1.85 times that of the energy absorbed by
the conventional anchor rod. This means that the energy absorbed by the energy absorbing
anchor rod under the impact load is better than that of the conventional anchor rod under
the impact load. (3) During the impact load, the impact time of energy absorbing anchor is
0.22 s, and the impact time of the conventional anchor is 0.15 s, with a difference of 0.07 s,
and the impact time of the energy absorbing anchor is 1.47 times that of the conventional
anchor. This means that the impact resistance of energy the absorbing anchor rod under
impact load is better than that of the conventional anchor rod under impact load. (4) During
the impact load, the breaking loads of conventional anchor rods and energy absorbing
anchor rods under impact are 203.49 kN and 203.31 kN, respectively, indicating that the
difference in bearing capacity between conventional anchor rods and energy absorbing
anchor rods under impact is small. (5) During the impact load, the yield distance, impact
resistance time, and absorbed energy of energy absorbing anchor rods far exceed those
of conventional anchor rods, and energy absorbing anchor rods have better deformation
capacity and energy-absorbing and impact prevention capacity.

5. Conclusions

We designed and developed an automatic anchor preload energy absorbing anchor
consisting of anchor rod body, tray, constant resistance energy absorber, energy-absorbing
casing bulging block, pre-tightening force warning washer, and nut and anchorage force
warning stopper. It has the functions of automatic determination of the anchoring force,
automatic determination of the preload force, and early warning.

The elongation of the conventional anchor rod under impact load is lower than that of
the conventional anchor rod under static load; the difference between the energy absorbed
by the conventional anchor rod under impact load and that under static load is smaller;
and the bearing capacity of the conventional anchor rod under impact load is higher than
that of the conventional anchor rod under static load.

The elongation of the energy absorbing anchor under impact load is lower than that
of the energy absorbing anchor under static load; the energy absorbing anchor absorbs
more energy under impact load than under static load; and the load carrying capacity of
the energy absorbing anchor under impact load is higher than that of the energy absorbing
anchor under static load.

Compared with the conventional anchor, the energy absorbing anchor adds the de-
formation stage of constant resistance energy absorber in the deformation process. Under
static load, the yielding distance of the energy absorbing anchor is 1.67 times that of the
conventional anchor, and the energy absorbing anchor absorbs 1.61 times of the energy
absorbed by the conventional anchor. Under impact load, the energy absorbing anchor
gave way to 2.02 times the distance of conventional anchor; the energy absorbing anchor
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absorbed 1.85 times the energy of conventional anchor; and the impact resistance time of the
energy absorbing anchor is 1.47 times the impact resistance time of the conventional anchor.
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