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A limitation in research on bolt anchoring is the unknown relationship between dynamic perturbation and mechanical
characteristics. This paper divides dynamic impulse loads into engineering loads and blasting loads and then employs numerical
calculation software FLAC3D to analyze the stability of an anchoring system perturbed by an impulse load. The evolution of the
dynamic response of the axial force/shear stress in the anchoring system is thus obtained. It is revealed that the corners andmiddle of
the anchoring system are strongly affected by the dynamic load, and the dynamic response of shear stress is distinctly stronger than
that of the axial force in the anchoring system. Additionally, the perturbation of the impulse load reduces stress in the anchored rock
mass and induces repeated tension and loosening of the rods in the anchoring system, thus reducing the stability of the anchoring
system. The oscillation amplitude of the axial force in the anchored segment is mitigated far more than that in the free segment,
demonstrating that extended/full-length anchoring is extremely stable and surpasses simple anchors with free ends.

1. Introduction

Prestressed anchoring technology, characterized by its high
efficiency and profound economic benefits, has been widely
applied and highly developed in various civil engineering
applications [1].This innovative methodology is theoretically
based on an implied stress transfer mechanism under ten-
sion load and is widely used in collieries. Technicians and
researchers worldwide have carried out many experiments
and field tests to gain a detailed understanding of the mech-
anisms and performance of the technology.

The mechanism of mechanical transfer between a bolt/
cable and grouting has been investigated [2–8]. Kang focused
on the coupling relationship among the bolt prestress, bolt
length, and prestressed field distribution using FLAC3D

software [9]. Lu et al. investigated the stability of a road-
way that was affected by adjacent excavations, ultimately
obtaining a relationship between the deformation of the
roadway and the anchoring force [10]. Moosavi et al. tested
the mechanism of anchor failure [11]. Nevertheless, the
aforementioned results mainly focused on static mechanical
analysis and ignored blasting effects, rock burst impacts,

seismic wave disturbance, and similar impulse loads induced
by underground mining. Frequent periodic weighting, driv-
ing loads, and coal-mining cyclic loading greatly threaten
the stability of the surrounding rock mass in mining. This
threat is evenmore prominent for deep rockmasses for which
stress concentrations are higher and dynamic disturbances
are fiercer [12, 13]. Anchoring units are thus affected and
eventually destroyed by the evolution of the dynamic load.
There is thus a scientific need to study the evolution of the
anchoring system under different loads rather than conduct
simple static mechanical analysis. Gao et al., for instance,
investigated the evolution of the stress field of a rock mass,
displacement field, and plastic zone under dynamic load
disturbance, thus revealing the relevant mechanism that
destabilizes or destroys a deep high-stress roadway in a mine
[14]. The authors of this paper numerically studied the stress
evolution of a bolt subjected to a dynamic load [15–17].

The present paper employs the dynamics module of
FLAC3D software to numerically simulate the transfer/evolu-
tion of stress along a bolt/cable and themechanism of mutual
stress transfer between an anchoring system and rock mass
in the case of impulse dynamic load disturbances such as
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Table 1: Initial parameters for fitting curves of shear stress.

Shear modulus of a different lithology/GPa Shear modulus of
resin/GPa

Radius of
bolts/m

Radius of
contact face/m

Elasticity modulus
of cable/GPaStable Moderate stable Unstable

5.6 2.8 1.4 1.2 0.011 0.025 195

Figure 1: Schematic illustration of three-dimensional model.

those generated by blasting, seismic loading, and periodic
weighting during mining.

2. Numerical Model and Schemes

2.1. Model and Parameter Initiation. A model is established
using the Hoek-Brown yield criterion in FLAC3D. The thick-
ness and depth of the coal seam are specified as 20 and
800m, respectively. The immediate surroundings and floor
comprise moderate stable strata. Relevant parameters are
given in Table 1.

The modeled roadway has a rectangular cross-section
and is located at the center of the coal seam. The roadway
has a width of 5.0m and height of 3.0m. The total model
size is 50m × 15m × 60m (𝑋 × 𝑌 × 𝑍), as schematically
illustrated in Figure 1. All free faces except the upper face
are fixed. Incipient perpendicular stress is generated by the
dead weight of overlying strata. The side pressure coefficient
is 1. The roof of the roadway is supported by 2.8-meter-long
bolts with an anchoring length of 1.6m and exposed length
of 100mm. A pretension force is applied to the free segments
of the bolts. The bolts are spaced 750mm in rows that are
spaced 1000mm.The side walls of the roadway are supported
by bolts in a scheme similar to that of the bolts supporting
the roof but with bolt spacing of 650mm and row spacing of
1000mm. Note that the cell size in the dynamic calculation
must be less than 1/8 to 1/10 of the wavelength corresponding
to the highest frequency of the input waveform; hence, the
maximal cell size is 1m for the stress wave employed in this
simulation.

Themodel is first built in a static state in FLAC3D and the
incipient stress field is equilibrated.The roadway is excavated
for a length of 7m and the prestressed bolt supporting
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Figure 2: Arrangement and serial numbers of bolts.

scheme described above is then implemented. Each bolt has
four units; the first and second free units are both 0.5m in
length, while the first and second anchoring units are 0.85m
in length. The anchoring scheme is specified as extended
anchoring. A pretension force of 40 kN is applied to bolts
and the simulation is allowed to run until equilibrium is
reached. The initial fixed boundary is then replaced by a
static boundary to begin the dynamic analysis module. An
impulse load wave is imposed near the excavated head-on of
the roadway so as to simulate the impact of a blasting load
on antecedent installed bolts. Because themodel and impulse
load are symmetrically built and distributed, it is reasonable
to analyze half of the roadway for the sake of simplicity. The
arrangement and serial numbers of several bolts are presented
in Figure 2.

2.2. Optimization of Dynamic Boundary Conditions. To
absorb wave energy reflected from the model boundary as
much as possible and thus guarantee calculation precision,
relevant static boundary conditions and free-field boundary
conditions are established.

A power source can be applied to the cells of a model
directly to provide the impulse load. There is therefore
no need to add an additional free-field boundary, and a
static boundary is already capable of effectively reducing the
reflection of wave energy. A static boundary and dynamic
boundary are shown in Figure 3. All faces except the upper
face are fixed to obtain the static solution. Stress of 20MPa
is applied to simulate the dead weight of overlaying strata.
In the next procedure of dynamic response model, all these
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Figure 3: Boundary conditions of the static solution and dynamic solution; (a) boundary conditions of the static model; (b) boundary
conditions of the dynamic model.

boundary conditions are removed and viscous boundary
conditions are applied to all faces.

2.3. Damping Settings. All propagation media have damping
characteristics relating to their inner friction and possible
contact surfaces and interfaces. It is thus essential that the
maximum extent of reappearing their own undisturbed
damping properties and value should be reached during
numerical simulation to ensure high reliability. However,
the largest problem in dynamic numerical calculation is
that damping differs for different values. FLAC3D provides
Rayleigh damping, local damping, and hysteresis damping as
damping schemes.

Rayleigh damping and hysteresis damping are generally
applied in rock engineering [18]. The Rayleigh damping
scheme involves two parameters: the critical damping ratio
and central frequency of vibration.The critical damping ratio
can typically be set as 2%–5% or obtained in a laboratory
test. However, the application of an elastic-plastic model
results in much energy being consumed in plastic flow
and thus requires a small critical damping ratio, such as
1%. Local damping is widely applied to structural units in
FLAC3D; 8% is taken in this analysis. The central frequency
is difficult to evaluate but may be obtained for a relatively
simple model.The natural vibration frequency should first be
determined for the model, and the value is then used as an
approximation of the central frequency. This paper employs
this methodology to obtain a central frequency of 50Hz.

2.4. Processing of the Impulse Load. The so-called impulse
load is a physical quantity that changes instantaneously and
returns to its original value. Such a load is generated in events

such as blasting, the sudden breakage of a roof, and seismic
activity. Much energy can be generated in the event of an
impulse load. Part of the energy is released to adjacent rock
mass and triggers the crushing and fracturing of the rock
mass. The remainder enters the surrounding rock mass at
the speed of splitting propagation, which is characterized
by an extremely unstable dynamic wave. This dynamic wave
destabilizes the anchoring system.

After a seismic wave has entered the rock mass, the rock
not only undergoes compression but also a shear effect.There
is thus shear failure within the rock mass; that is, there is a
shear wave, or 𝑆wave, propagating at lower speed andmainly
comprising horizontal fluctuation [19].This paper focuses on
the region close to the impulse source, and the seismic waves,
wave speeds, and the like all relate to the primary wave, or 𝑃
wave. The propagation speed and attenuation of the dynamic
wave are strongly related to the mechanical properties of the
rockmass. Commonly used equations for the velocities of the
𝑆 and 𝑃 waves are

𝑉
𝑃
= [

𝐸 (1 − 𝜇)

𝜌 (1 + 𝜇) (1 − 2𝜇)

]

1/2

,

𝑉
𝑆
= [

𝐸

2𝜌 (1 + 𝜇)

]

1/2

,

(1)

where 𝐸 is the elastic modulus of the propagation medium, 𝜇
is Poisson’s ratio, and 𝜌 is the density of the medium.

An oscillogram has a high-frequency component during
the postprocessing of impulse data because of the discrete
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Figure 4: Filtering and baseline correction of the impulse wave source.

measurement of the initial load. The high-frequency com-
ponent is detrimental to the calculation in the simulation,
because as mentioned above the cell size of the grid must
be less than 1/10 of the wavelength. The component limits
the size of a cell to a very tiny range, and the tiny value
is impossible to calculate. It is thus necessary to execute
baseline correction and filtering before applying the load so
as to filter out the high-frequency component of the wave.
It is eventually possible to increase the model cell size and
thus reduce the calculation cost and simultaneously diminish
potential residual deformation in the dynamic calculation of
a plastic constitutive model.

Here Seismic Signal software is adopted for the filtering
and baseline correction of the history of the perpendicular
load speed [20]. The Butterworth filter is a linear filter that
provides the required precision and has a smooth bandpass
frequency-response curve and gentle amplitude-frequency
curve.

Frequency bands of the primary wave are determined
from the Fourier amplitude and higher amplitude in Figure 4
so as to define the chopping frequency. The figure shows that
the chopping frequency of the impulse wave selected in this
paper is approximately 30Hz. This frequency is the criterion
used in filtering and baseline correction; that is, only waves
having frequency lower than 30Hz are allowed to pass. The
preprocessing data curve and processed data curve are shown
in Figure 4.

3. Discussion and Analysis of
Simulation Results

3.1. Dynamic Response of the Axial Force of the Anchoring
System. It is commonly acknowledged that the amplitude of
a wave decreases at a decreasing rate during the propagation
of the wave in a medium. The attenuation rate is defined as
the difference between the amplitude of two adjacent peaks
of a wave divided by the amplitude of the first peak.

Figure 5 presents the evolution of the simulated axial
force for four bolts placed from the roof center to the roof
corner at a distance 0.5m from the excavated head-on. As
seen in Figure 5(a), the axial force of the free segment of
each bolt increases while oscillating under the effect of the
incipient impulse wave, and tension and loosening effects
occur repeatedly. The rods thus must have high fatigue
resistance. The duration of the process is short and the bolts
regain their initial stability after approximately 0.05 s; thus,
the high-frequency component ismainly concentratedwithin
the first 0.05 s.

Increments in axial forces after applying an impulse load
wave at the head-on of the roadway differ among the bolts,
with the axial force of bolt number 4 undergoing the largest
change because of the central position of bolt number 4 in
the roof. Among the first row of bolts in the roof, the axial
force of the free segment is the smallest for bolt number 1,
having a value of 50.24 kN. The axial force of this bolt surges
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Figure 5: Evolution of axial forces of the first row of bolts in the roof; (a) free segment and (b) anchoring segment.
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Figure 6: Evolution of the axial force in the simulated anchoring system; (a) evolution of the axial force along the free segment of bolt number
4; (b) evolution of the axial force along the anchored segment of bolt number 4.

by 49.56% to 75.14 kN after the application of the impulse load
wave, and the attenuation rate of the firstwave cycle is 65.06%.
The axial forces of bolts numbers 2, 3, and 4, respectively,
increase from initial values of 73.16, 83.61, and 86.93 kN to
final values of 94.5, 8.61, and 107 kN (i.e., increases of 29.17%,
17.94%, and 23.08%). Apparently, an impulse blasting wave
strongly affects the upper corners and central areas, where the
anchoring system shows certain instability. The percentage
increase in the axial force is greatest for corner bolt number
1; this increase is distinctly larger than that for central bolt
number 4. This is explained by (1) the central bolt reaching
a stable state earlier than the other bolts and its axial force
only slowly increasing with an increase in roof subsidence
and (2) bolt number 4 already being highly stressed before
the application of the impulse load wave and thus responding
little to the dynamic wave.

Figure 5(b) shows that the axial forces of the anchoring
segments of the bolts in the first row have an overall
increasing trend in response to roadway excavation.The axial
force in the anchoring segment of bolt number 1 increases by
52.1% from 4.51 to 6.86 kN after the application of the impulse
load wave, and the attenuation rate in the first wave cycle is
16.49%. Axial forces of bolts numbers 2, 3, and 4, respectively,
increase from initial values of 7.69, 9.54, and 10.19 kN to final
values of 10.42, 12.53, and 13.30 kN (i.e., increases of 35.50%,

31.34%, and 30.52%). Similar to the case for the free segments,
the increment in the axial force is greater for bolt number 1
than for bolt number 4, and the difference is due to the wave
attenuation rate dropping more dramatically than in the case
of the free segment. This demonstrates that resin bonds the
bolt and rock mass tightly, and the rock mass relieves the
shockwave that should initially impact the anchoring system
and thus prevents the system from being isolated.

Figure 6(a) presents the evolution of the axial force in the
free segment of bolt number 4 for different distances to the
entry’s head-on (i.e., the central bolts in different rows). It is
seen that all of the middlemost bolts in a certain range are
affected by the blasting wave and their axial forces have an
increasing trend. The increment ratio is a maximum 23.08%
for the bolt 0.5m from the head-on, while the ratios for the
bolts 2.5, 4.5, and 6.5m from the head-on are 5.42%, 4.23%,
and 3.89%, respectively. The results reveal that a bolt further
from the head-on is less affected by the impulse load and
has the characteristics of a slower dynamic response, lower
oscillation frequency, and lower oscillation amplitude.

Figure 6(b) presents the evolution of the axial force for the
anchored segment at different distances to the entry’s head-
on.The characteristics of the evolution under the dynamic are
similar to those of the free end shown in Figure 6(a), although
the curves in Figure 6(b) have a lower frequency of oscillation
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Figure 7: Dynamic response of shear stress along resin in the anchoring system; (a) evolution of shear stress in the anchoring segment of the
first row of bolts; (b) evolution of shear stress in the anchoring segment of bolt number 1 for different distances to the head-on.
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Figure 8: Dynamic response curves for the surrounding rock mass; (a) vertical stress in the roof, (b) vertical stress in the floor, (c) horizontal
stress in the right wall, and (d) horizontal stress in the left wall.

and aweaker response, demonstrating that resinmitigates the
effect of the blasting impulse load.

3.2. Dynamic Response of Shear Stress along Resin. The
dynamic response of shear stress along the resin in a pre-
stressed anchoring system under the effect of a blasting wave
is illustrated in Figure 7(a).The shear stress for the anchoring
segment of the first row of bolts oscillates dramatically and
eventually stabilizes to a certain average value. The shear
stress is maximal for central bolt number 4. Shear stress
increment ratios of bolts numbers 1, 2, 3, and 4 are 41.37%,
4.50%, 6.64%, and 22%, respectively. Accordingly, the bolts
most affected are the central and corner bolts, which match
the evolution of the axial forces of the bolts. Figure 7(b)

presents the evolution of the shear stress in the anchoring
segment of bolt number 1 for different distances to the head-
on of the entry (i.e., the corner bolts in different rows). It is
seen that the shear stress plummets and the vibration rate
reduces as the distance to the head-on increases, revealing
that the scope of the effect of excavation blasting on the
anchoring system is approximately 1.5m. The stability of
the anchoring system thus requires special attention during
blasting so as to guarantee the mechanical properties and
active support of the system.

3.3. Dynamic Response Characteristics of Stress in anAnchored
Rock Mass. Figure 8 presents dynamic load response curves
for different positions in the anchored rock mass. It is
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concluded that the rock pressure at all positions oscillates
and attenuates with an increase in the distance to the head-
on under the effect of a blasting impulse load. The reduction
of the pressure amplitude is a maximum at a distance 0.5m
from the head-on of the entry. The reduction is 14.72% for
the leftwall of the roadway, 12.86% for the roof, 14.70% for the
right wall, and 14.58% for the floor. Additionally, the decrease
in amplitude of the stress in the anchored area plummets
and almost reaches zero as the distance from the head-on
increases; hence, the scope of the effect in the rock mass is
approximately 1.5m.

4. Conclusions

(1)Numerical calculation software FLAC3D was employed to
determine the load stability of an anchoring system under
the action of an impulse load wave. The results show that the
dynamic response of the axial force conforms to the pertinent
waveform of the dynamic impulse load on the whole. The
strength of the effects of this impulse perturbation depends
on the positionwithin the anchoring system, with the corners
and middle being most affected. The dynamic response of
shear stress also conforms to the corresponding evolution of
the axial force on the whole; however, the oscillations of shear
stress are larger and affect both the corners and middle of the
anchoring system dramatically.
(2) Anchoring rods are greatly affected by repeated

tension and loosening under the perturbation of an impulse
load. This means that the rods must be highly resistant to
such perturbation.The oscillation amplitude of the anchoring
segment is much lower than that of the free segment,
revealing that resin acts as an effective buffer that absorbs a
certain amount of the impulse load. It is thus beneficial to
employ extended or full-length anchoring and thus reduce
interference in engineering.
(3)Thestress state in an anchored rockmassmay decrease

under frequent effects, including blasting impulse loads, of
head-on excavation. The effects are strongest close to the
source of the blasting impulse load. There is eventually stress
loss of the initially intact anchored rockmass that reduces the
stability of the anchoring system.
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