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Mechanical Model and Parameter Optimization of Bolt-Shotcrete Support on Non-Straight
Wall Part of Roadway

Yunhai CHENG, Fenghui LI*, Gangwei LI

Abstract: The bolt-shotcrete support of roadway is generally calculated by beam model, but the mechanical state of bolt-shotcrete support on the curved side of the roadway
is obviously different from that on the straight side. The force of the shotcrete layer is analyzed in order to reasonably determine the bolt-shotcrete support parameters of the
curved side of the roadway. The bolt-shotcrete support structure is simplified as a mechanical model of coupling between a fixed-end beam and a cylinder. This study
undertakes a stress analysis of a shotcrete layer in order to find the mechanical mechanism of bolt-shotcrete support in a circular roadway (or the arc part of the roadway),
and reasonably determine the parameters of bolt-shotcrete support. The bolt-shotcrete supporting structure is simplified as a mechanical model of the coupling between a
fixed-end beam and a cylinder. The mechanical model for the influence of shotcrete layer thickness, shotcrete strength, bolt spacing and bolt length on the self-supporting
capacity of the surrounding rock is established in combination with the Mohr-Coulomb strength theory. The influential law of the parameters of bolt-shotcrete support and the
self-supporting capacity of the surrounding rock is determined. The results show the existence of a linear relationship between the strength of the shotcrete and the self-
supporting capacity of the surrounding rock. A quadratic function relationship between the thickness of shotcrete and the self-supporting capacity of the surrounding rock is
found. The results also show a cubic function relationship between the spacing and length of the bolt and the self-supporting capacity of the surrounding rock. The research

results have a certain guiding significance for the determination of bolt-shotcrete support parameters on the curved side of roadway.
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1 INTRODUCTION

Bolt-shotcrete support technology is widely used in
underground projects [1-6] such as in mines, tunnels,
subways, and so on. Bolt-shotcrete support can maintain
the integrity and stability of the surrounding rock to the
maximum extent, providing full play to the supporting role
of the surrounding rock. It plays an important role in
controlling the deformation, displacement, and fracture
development of the surrounding rock [7-10].

Several researchers inland and abroad have studied the
bolt-shotcrete support technology. Li et al. [11] determined
the position of the neutral layer when the shotcrete layer
was destroyed and explored the relationship between the
bolt-shotcrete support parameters and the self-supporting
capacity of the surrounding rock under different support
methods. The mechanical model between the self-
supporting capacity of the roadway's surrounding rock and
the bolt spacing, the shotcrete thickness and the shotcrete
strength was established.

Wen et al. [12] established the mechanical model of
the composite arch which is composed of the external arch
supported by the system bolt, the supporting inner arch of
the shotcrete layer, and the steel frame.

The study by Wang et al. [4] was based on the stress
analysis of the surrounding rock and shotcrete layer of the
roadway. The mechanical model showing the influence of
the thickness of the shotcrete layer, the shotcrete strength
and the bolt spacing on the self-supporting capacity of the
surrounding rock was established.

Fang et al. [13] designed the high pre-stress strong
bolt-shotcrete support scheme and used the vibrating string
shotcrete stress meter to monitor the stress state of the
shotcrete layer after the scheme was implemented
underground.

Lyu et al. [14] proposed a 2D semi-model of full-face
anchorage of thick soft rock roadway and established a
theoretical model of the surrounding rock and anchoring
system. The distribution law of stress release, anchor rod
and surrounding rock coupling was obtained. Jing et al.
[15] studied the mechanical properties of a pre-stressed

concrete lining structure and established the calculation
models of infinite and semi-infinite length structures. The
maximum stress influence range of the pre-stressed
concrete lining structure was determined. Wang et al. [16]
studied the influence and resultant effects of different
viscosity coefficients and bolt support parameters on the
coupling rheological model of the rock mass. Wang et al.
[17] proposed a robust optimal design of tunnel bolt-
shotcrete support structure in order to reduce the sensitivity
of the support system to the uncertainty of geotechnical
parameters. The study established a robust design system
of the bolt-shotcrete supporting structure.

Theoretical calculation is an important method to
study the force of structure [18-19]. Previous studies
measured or theoretically calculated the shotcrete of the
curved side of the roadway (which is located below the
bolt-shotcrete support, the spray layer refers to the curved
side of the roadway) by simplifying it as a fixed-end beam
model. These studies had not considered the supporting
effect of the shotcrete layer. This study simplifies the bolt-
shotcrete support structure as a straight beam model and a
cylinder model. The mechanism for interaction between
shotcrete thickness, strength, bolt spacing, bolt length and
the surrounding rock self-supporting capacity in bolt-
shotcrete support parameters is studied. There is a function
relationship between the strength and thickness of
shotcrete, the spacing and length of the anchor rod and the
self-supporting capacity of the surrounding rock. This has
a certain guiding significance for the design and
optimization of bolt-shotcrete support parameters.

2 ESTABLISHMENT OF THE MECHANICAL MODEI

A bolt-shotcrete support structure refers to the bolt and
shotcrete which together produce supporting resistance to
the surrounding rock. However, the stress states of the bolt
and shotcrete are completely different. The surrounding
rock of the roadway converges in a radial direction from
the roadway due to the action of ground pressure. The
shotcrete layer is subjected to the load imposed by the
surrounding rock, which is regarded as a uniform load. The
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anchor shotcrete structure deforms under the action of the
surrounding rock load, and the anchor rod produces the
tension. The pressure is generated inside the spray layer to
prevent its radial shrinkage.

The study assumes that the shotcrete bearing layer
between anchors is a continuous, homogeneous, and
isotropic material that meets the assumptions on elasticity,
as shown in Fig. 1. Its stress characteristics are shown in
Fig. 2.

The pressure of the surrounding rock on the spray layer
is shown as g. The supporting force of the anchor rod is F.

(a) Pictures of field of bolt-shotcrete support

The pressure in the spray layer is F>. To understand the
stress state of the spray layer more intuitively, the
surrounding rock pressure, ¢, is divided into two parts
based on bolt suspension theory and coordinated
deformation of bolt and spray layer.

The first is the balance with the supporting force of the
anchor rod, g1, which is simplified as the analysis of the
fixed-end beam model. The other is the balance with the
pressure in the spray layer, ¢g» which is analyzed through
the cylinder model.

Anchorbolt 7
/

Shotcrete 4

ANNANART ANNANNANANNNNANNANNNNNNNNNN
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(b) Pictures of simpled of bolt-shotcrete support

Figure 1 Pictures of field and simpled of bolt-shotcrete support

Figure 2 Schematic diagram of bolt-shotcrete supporting structure

If the radial displacement is A;, then the spray layer is
produced under the action of the pressure of the
surrounding rock. The elongation of the bolt is A;. The
strain of the bolt is Ai/L,, and the average strain of the spray
layer is Ai/R,.

A
F =E XTIXRIZ x3.14

A‘ (1)
Fy = Ey x—-xhxJ
RZ

K
R+F,

q1 =4gX%
F (2)
2
R+F,

4, =g%

L, is the length of the anchor rod. R, is the radius of the
middle layer of the spraying layer. E| is the elastic modulus

of the anchor rod. R; is the radius of the anchor rod. E; is
the elastic modulus of the spraying layer. /4 is the thickness
of the spraying layer. J is the row spacing of the anchor
rod.

2.1 Fixed-End Beam Model

The fixed-end beam model is a simplified model which
only considers the action of anchor rod in the bolt-shotcrete
structure. The fixed-end beam model establishes the
Cartesian coordinate system with the beam center as the
origin, as shown in Fig. 3.

’1¢;ffylfT;fgf¢ Lty

| > | Nz
> <

vy
Figure 3 Mechanical model of fixed-end beam of bolt-shotcrete support
(excluding self-weight)

The uniform load in Fig. 3 is ¢;. The length in x
direction is 21 (the bolt spacing ). The length in y direction
is & (the spray thickness). The two ends are fixed.

Wang et al. [4] analyzed the mechanical model of
statically indeterminate beams with a fixed single span at
both ends subjected to uniformly distributed loads in detail.
The stress components of statically indeterminate beams
with fixed single spans at both ends under uniformly
distributed loads (g1) were obtained.
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2.2 Cylinder Model

The cylinder model is a part of the mechanical model
of the bolt-shotcrete support excluding the action of the
bolt. The cylinder model does not consider the influences
of the bolt on the shotcrete layer. The stress state of the
cylinder model is shown in Fig. 4.

Figure 4 Stress state of cylinder model

The Lame solution of the cylinder subjected to
uniformly distributed load in elasticity is taken as the
analytical solution of the cylinder model. The Lame
solution of the cylinder subjected to uniformly distributed
pressure is the analytical solution of the stress state of any
point in the cylinder under the condition of uniformly
distributed force. Lame's solution is expressed as follows:

2 2
R*z* ="
P P
O-p:_ P Ui 2 9
R
) R2
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where g, is the axial stress; g, is the circumferential stress;
R is the outer radius of the cylinder;  is the inner radius of
the cylinder; ¢ is the internal pressure (different from the
uniform load ¢g; of the fixed-end beam model ); ¢ is the
external pressure; p is the axial position of the calculated
point.

Under the condition of external load only, Lame's
solution is simplified as follows:

Op =7 2 I

2
R (5)

The negative sign in the formula indicates the
compressive stresses, g, and og,.

2.3 Mechanical Coupling Model

The mechanical model of the bolt-shotcrete supporting
structure is a coupling model of the fixed-end beam model
considering only the bolt action, and the cylinder model
considering only the spraying layer. The cylinder model is
solved in polar coordinates, which must be treated in order
to be coupled with the fixed-end beam model.

The method of turning the curve into straight is used to
deal with the solution of the cylinder model. In the cylinder
model o, and g, are only functions of the variable p and do
not change along the circumferential direction. When the
circumferential and radial directions correspond to the x
and y directions respectively, p can then be expressed as
the mechanical model of R..,. The mechanical model of the
bolt and shotcrete support structure is as follows. The stress
relation expressed by known parameters is obtained by
substituting Eq. (1) and Eq. (2) for Eq. (6), such as Eq. (7).
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Parameter values selection (some of which are taken
from Wang et al. [4]) is shown in Tab. 1.

Table 1 Model Parameter selection

q/ L1 )"/ h/ Rl/ L/ J/ E[/ Ez/
MPa|/m | m m m m m “ MPa MPa
0.10 {2.40 [ 2.50 | 0.06 | 0.01 | 1.20 | 2.00 | 0.25 | 2.00x10° | 7.00x103

Theoretically, the dangerous point should be located in
the middle of the beam or at the upper and lower end of the
beam. The stress of the dangerous point is calculated by
incorporating the parameters as shown in Tab. 2.

Table 2 comparison of stress at dangerous points

Position x=0 x=0 x=0.6 x=0.6
y=0.03 y=-0.03 y=10.03 y=-0.03
o, —1.28 -1.75 -2.07 -0.96
o, 0 -0.04 0 -0.04
Tyy 0 0 0 0

As can be deduced from Tab. 2, the spray layer does
not produce tensile stress. The most dangerous point is
located at x = 0.6, y = 0.03.

3 MOHR-COULOMB STRENGTH THEORY

The Mohr-Coulomb strength theory is a classical
theory used to describe the strength of a rock under
compressive stress [20]. It is considered that the failure
caused by compressive stress is actually shear failure and
the failure of rock mass is mainly determined by the
maximum principal stress and the minimum principal
stress (o1 and o3), but independent of the intermediate
principal stress [21-23].

The bolt-shotcrete supporting structure provides
vertical stress, o3, to change the surrounding rock from
two-dimensional stress state to three-dimensional stress
state. The stress circle moves to the right with the increase
of o3. The shear strength of the rock mass increases from
to 72 and the maximum principal stress of the rock mass
increases from o) to ¢'j. The stability of the surrounding
rock is enhanced. The self-supporting capacity of the
surrounding rock is characterized by the maximum
principal stress, o1. The change of self-supporting capacity
of the surrounding rock is reflected by the change of oy, as

3.1240,

shown in Fig. 5. The failure criterion is described in Eq.

).
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Figure 5 Mohr Coulomb failure criterion
1+sin 2ccos
oy =l gy S0 (8)
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4  OPTIMIZATION OF BOLT-SHOTCRETE SUPPORT
PARAMETERS

The parameters of bolt-shotcrete support include the
length of anchor rod, the anchor rod row spacing, the
anchor rod spacing, the strength of shotcrete and the
thickness of shotcrete. The essence of bolt-shotcrete
support is to improve the self-bearing capacity of
surrounding rock. This paper mainly analyzes the influence
of anchor rod spacing, anchor rod length, shotcrete
thickness and shotcrete strength on the self-bearing
capacity of the surrounding rock and establishes the
corresponding relationship equations.

o3 is the force of bolt-shotcrete support structure on the
surrounding rock. It is the reactionary force of the
surrounding rock to the bolt-shotcrete support structure, g.
o3 is equal to g. The surrounding rock consists of sandy
mudstone that has a cohesion force of 4.5 MPa and an
internal friction angle of 31°. The ¢ in Eq. (7) is substituted
for o3 in Eq. (8). The relationship between shotcrete
thickness (%), shotcrete strength (oy), bolt spacing (21), bolt
length (L), and the self-supporting capacity of the
surrounding rock (o) is obtained.

+15.91

(©))

O-l =
2t 525 1 2
2 700AL,
B4 T+ )5 3.14(2.5+h]
3.14(2.5+j 1- : > x1+ 2
2 (2.5+4h) 700AL,

The corresponding relational images are shown in
Figs. 6t0 9.

Fig. 6 shows the relationship between the thickness of
the shotcrete and the self-supporting capacity of the
surrounding rock. The least square method is used to fit the
thickness of the shotcrete and the self-supporting capacity
of surrounding rock. Where the quadratic polynomial is
used the fitted curve basically coincides with the calculated

curve (R? approaches 1). There is a quadratic function
relationship between the thickness of the shotcrete and the
self-supporting capacity of the surrounding rock. The
growth rate of the self-supporting capacity of the
surrounding rock decreases with increases in the thickness
of shotcrete. This study does not account for the peak value
range of the shotcrete thickness under the support
parameters or under realistic conditions. The shotcrete
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thickness should be reasonably selected according to the
support strength and the deformation condition of the
shotcrete layer.
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Fitting curve
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Figure 6 Relationship between shotcrete thickness and self-supporting capacity
of surrounding rock
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Figure 7 Relationship between bolt spacing and self-supporting capacity of
surrounding rock

Fig. 7 shows the relationship between the bolt spacing
and the self-supporting capacity of the surrounding rock.
The least square method is used to fit the curve of the bolt
spacing and the self-supporting capacity of the surrounding
rock. The fitted curve basically coincides with the
calculated curve (R?> approaches 1) when the cubic
polynomial expression is used. The relationship between
the bolt spacing and the self-supporting capacity of the
surrounding rock is a cubic function. Reducing the bolt
spacing can improve the self-supporting capacity of the
surrounding rock. The efficiency of improving the self-
supporting capacity of the surrounding rock by reducing
the bolt spacing is not optimal when compared with other
options to improve the self-supporting capacity of the

surrounding rock under the condition of the support
parameters expressed in this paper.

17.98 - Calculation curve

Fitting curve
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Figure 8 Relationship between bolt length and self-supporting capacity of
surrounding rock

Fig. 8 shows the relationship between the length of the
anchor rod and the self-supporting capacity of the
surrounding rock. The least square method is used to fit the
curve of the bolt length and the self-supporting capacity of
the surrounding rock. The fitted curve coincides with the
calculated curve (R? approaches 1) when the cubic
polynomial is used. The length of the anchor rod has a
cubic function relationship with the self-supporting
capacity of the surrounding rock. Reducing the length of
bolt can improve the efficiency of the self-supporting
capacity of the surrounding rock under the condition of
supporting parameters expressed in this paper within a
certain range. The length of bolt can meet the design and
practical use.
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Self-supporting force
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Self-supporting force (MPa)
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Figure 9 Relationship between shotcrete strength and self-supporting capacity
of surrounding rock
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Fig. 9 shows the relationship between the compressive
strength of shotcrete and the self-supporting capacity of the
surrounding rock. According to Eq. (9), there is a first
function relationship between the strength of the shotcrete
and the self-supporting capacity of the surrounding rock.
Increasing the compressive strength of shotcrete can
increase the self-supporting capacity of the surrounding
rock under the condition of supporting parameters
expressed in this paper. However, tensile stress may appear
in the shotcrete layer under certain support parameters. The
tensile strength of shotcrete is small. The occurrence of
tensile stress should be avoided in the design of support
parameters.

Amongst the four parameters (bolt spacing, bolt
length, shotcrete thickness and strength), the thickness and
strength of the shotcrete has obvious influence on the self-
supporting capacity of the surrounding rock under the
condition of supporting parameters expressed in this paper.
When optimizing the parameters, priority should be given
to the change in thickness and strength of shotcrete and
accordingly adjust the spacing of the anchors.

5 VERIFICATION OF CONCLUSION

The support mode of resin bolt and wet shotcrete is
adopted in Guizhou Jinfeng Gold Mine. Wang, S. et al. [4]
simplified the shotcrete between bolts to the mechanical
model of fixed beam with anchor as fulcrum, established
the mechanical model of the influence of shotcrete layer
thickness, concrete strength and bolt spacing on the self-
supporting capacity of surrounding rock, and explored the
influence law of the parameters of shotcreting and bolting
support and the self-supporting capacity of surrounding
rock. Combined with the on-site construction practice, it is
considered that reducing the anchor spacing and increasing
the wet spray thickness are reasonable improvement
measures. As a result, the bolt-shotcrete support
parameters are optimized twice: one is to reduce the bolt
spacing, adjust the bolt spacing from 1.2 m to 1.2 m, and
adjust the bolt row distance from 2 m to 1.2 m. The other
is that the thickness of the spray layer increases from 60
mm to 75 mm. The optimization effect of bolting and
shotcreting support parameters is obvious twice, and the
total number of roof caving is reduced from 22 times to 5
times per year..

Bolt-shotcrete support is adopted in Chensilou Coal
Mine. Xu, Q. et al. [24] use FLAC 3D software to simulate
the stress changes of roadway surrounding rock caused by
different bolt length and row distance between anchors.
The simulation results are as follows: (1) The range of
plastic zone of roadway surrounding rock gradually
decreases and the anchoring force increases continuously
with the increase of bolt length. However, when the bolt
length is 3.0 m, the bolt fracture occurs after the
surrounding rock deformation is stable. The bolt length is
not as long as possible, but has a reasonable value.

(2) The range of plastic zone and deformation of
surrounding rock of roadway gradually increase with the
increase of the row distance between bolts, and the load
borne by a single bolt also increases. The bolts used in
roadway support are 20 mm in diameter and 2 m in length,
the distance between rows is 0.8 x 0.8 m. The length of
bolts is adjusted to 2.5 m, and the distance between rows is

adjusted to 0.7 x 0.7 m. After the parameter adjustment, the
surrounding rock extrusion zone formed by the bolt is more
uniform and the area is larger than that of the original
scheme, that is, the range of the extrusion zone is larger,
which is more conducive to the stability of the roadway.

6 CONCLUSIONS

(1) Bolt-shotcrete support can be simplified as a
coupling mechanical model of fixed-end beam and
cylinder. The radial displacement of a roadway is the same
in the two models. The uniform load is distributed in
proportion to the concentrating force.

(2) The stress calculated by the two models is
superimposed. The coupling mechanical model showing
the influence of shotcrete thickness, shotcrete strength, bolt
spacing and bolt length on the self-supporting capacity of
the surrounding rock is derived according to the Mohr-
Coulomb failure criterion.

(3) There is a linear relationship between the strength
of the shotcrete and the self-supporting capacity of the
surrounding rock, and a quadratic function relationship
between the thickness of shotcrete and the self-supporting
capacity of surrounding rock. There is also a cubic function
relationship between the spacing and length of the anchor
rod and the self-supporting capacity of the surrounding
rock.

(4) According to the existing research, the correctness
of the conclusion is verified from three aspects: theoretical
analysis, FLAC 3D numerical simulation and field practice.

(5) The support model in this study does not consider
the interaction between the roadway axial fixed-end beam
model and the roadway circumferential fixed-end beam
model. The bolt row spacing can only be used for the force
distribution of the two models. There is no optimization of
the bolt row spacing.

Acknowledgements

The present work was supported by the Foundation of
Young Teachers Scientific Research of Anhui University
of Science and Technology (No. QN2018110). The
financial supports are gratefully acknowledged.

7 REFERENCES

[1] Li, X., He, C., Geng, P. et al. (2015). Construction schemes
and supports mechanical characteristics of shallow
embedded large-section tunnel. Journal of Central South
University (Science and Technology), 46(09), 3385-3395.

[2] Ou, Z., Chen, C., Cheng, G., et al. (2014). Study on the
Theory and Methods of Bolt-Shotcrete Support for Weak
Surrounding Rock Based on Reliability Analysis. Applied
Mechanics & Materials, 1446-1453.
https://doi.org/10.4028/www.scientific.net/AMM.444-445.1446

[3] Su, Y., Liang, B., Liu, S. et al. (2015). One-dimensional
integral method of reliability analysis for structural stability
of tunnel lining consisting of rockbolts and shotcrete based
on build-up arch theory. Chinese Journal of Rock Mechanics
and Engineering, 34(12), 2446-2454.
https://doi.org/10.13722/j.cnki.jrme.2015.0039

[4] Wang, S., Wu, A., Han, B. et al. (2013).Mechanical model
of wet shotcrete + resin bolt coupling support. Journal of
Central South University (Science and Technology), 44(08),
3486-3492.

Tehnicki viesnik 29, 3(2022), 806-812

811



Yunhai CHENG et al.: Mechanical Model and Parameter Optimization of Bolt-Shotcrete Support on Non-Straight Wall Part of Roadway

[5] Li, S., Zheng, Y., & Wu, Y. (2017). Design and calculation
of anchor and shotcrete support for dome cylinder tank room
of underground oil storage. Chinese Journal of Underground
Space and Engineering, 13(3),737-745.

[6] Massone, L. & Nazar, F. (2018). Analytical and
experimental evaluation of the use of fibers as partial
reinforcement in shotcrete for tunnels in Chile. Tunnelling &
Underground Space Technology, 77, 13-25.
https://doi.org/10.1016/j.tust.2018.03.027

[7] Yao, A., Sun, S., & Liu, Y. (2007). Status quo of anchor rod
supporting and its development trend. Journal of North
China University of Technology, 19(03),90-94.

[8] Zhang, L. (2006). New technology of bolted shotcrete
support and its application to TAOYUAN coal mine.Chinese
Journal of Rock Mechanics and Engineering, (11),2208-
2212 https://doi.org/10.1093/carcin/bgm010

[9] Malmgren, L., Nordlund, E.&Rolund, S. (2005). Adhesion
strength and shrinkage of shotcrete. Tunnelling &
Underground Space Technology, 20(1), 33-48.
https://doi.org/10.1016/j.tust.2004.05.002

[10] Li, L., Hagan, P., Saydam, S. et al. (2016). Shear resistance
contribution of support systems in double shear test.
Tunnelling & Underground Space Technology, 56, 168-175.
https://doi.org/10.1016/j.tust.2016.03.011

[11]Li, T., Wu, A., Han, B. et al.(2016).Mechanical models of
wet shotcrete with two kinds of bolt coupling
support.Journal of Central South University (Science and
Technology), 47(11), 3846-3851.
https://doi.org/10.11817/j.issn.1672-7207.2016.11.031

[12] Wen, J., Yang, C., Su, H. et al. (2015). Theoretical analysis
and application of composite arch for bolt-shotcrete steel
frame supported tunnel in weak and fractured rock mass.
China Civil Engineering Journal, 48(05), 115-122.

[13] Fang, S.Kang, H.Lin, J. et al. (2012). Mechanical
monitoring and analysis on shotcrete layer of soft rock main
roadway supported by bolt-Shotcrete. Journal of Mining &
Safety Engineering, 29(06), 776-782.

[14] Lyu, X., Zhao, Z., Ma, Q. et al. (2018). 2D semimodel of
full-section anchorage in thick soft rock roadway. Shock and
Vibration, 15. https://doi.org/10.1155/2018/9853853

[15] Jing, R., Kang, J., Wang, Z. et al.(2018). Analysis on the
tendon spacing of prestressed tunnel liner. Tehnicki vjesnik -
Technical Gazette, 25(1), 47-51.
https://doi.org/10.17559/TV-20170317153659

[16] Wang, G., Han, W., Liu, C. et al. (2018). Rheological
behavior of rockmass supported with rockbolts based on
viscoelastic analysis method. Mathematics, 6, 119.
https://doi.org/10.3390/math6100199

[17] Wang, J., Zhang, F., & Lin, J. (2018). Robust optimization
design of bolt-shotcrete support structure in tunnel.
Technical Gazette, 25(5), 1538-1545.
https://doi.org/10.17559/TV-20180622060024

[18] Mustafa, O., Suheyla, Y., & Ali E. (2019). Torsional
vibration of cracked carbon nanotubes with torsional
restraints using Eringen's nonlocal differential model,
Journal of Low Frequency Noise, Vibration and Active
Control, 38(1), 70-87.
http://doi.org/10.1177/1461348418813255

[19] Mustafa, O. & Suheyla, Y. (2014). Bending Analysis of A
Cantilever Nanobeam With End Forces By Laplace
Transform, International Journal of Engineering and
Applied Sciences, 9(2), 103-111.
http://doi.org/10.24107/ijeas.314635

[20] Zou, Z., Yang, J., Wang, Z. et al. (2021). The Plastic Zone
of Tunnel Surrounding Rock under Unequal Stress in Two
Directions Based on the Unified Strength Theory.
Mathematical Problems in Engineering, 11.
https://doi.org/10.1155/2021/8842153

[21] Zhou, W. (1990). Advanced rock mechanics. Beijing: Water
Resources and Eletric Power Press, 173-188, 200-202.

[22] Hua, J. (2018). Simple three-dimensional Mohr-Coulomb
criteria for intact rocks. International Journal of Rock
Mechanics & Mining Sciences, 105, 145-159.
https://doi.org/10.1016/}.ijrmms.2018.01.036

[23] Zhang, F., Li, D., Cao, Z. et al. (2018). Revisiting statistical
correlation between Mohr-Coulomb shear strength
parameters of Hoek-Brown rock masses. Tunnelling &
Underground Space Technology, 77, 36-44.
https://doi.org/10.1016/j.tust.2018.03.018

[24] Xu, Q., Gao, M., Tan, Y. et al. (2015). Study on optimized
support parameters of mine roadway in broken surrounding
rock of deep thick and unconsolidated strata. Coal Science
and Technology, 43(4), 39-42,114.

Contact information:

Yunhai CHENG, Professor

National Engineering Laboratory of Coalmine Backfilling Mining,
Shandong University of Science and Technology,

223, Daizong Street, Taian, Shandong, China

E-mail: chengyunhai2005@163.com

Fenghui LI, doctor

(Corresponding author)

State Key Laboratory of Mining-induced Response and Disaster Prevention and
Control in Deep Coal Mines,

Anhui University of Science and Technology,

168, Taifeng Street, Huainan, Anhui, China

E-mail: ahlifenghui@163.com

Gangwei LI, Master

State Key Laboratory of Mining-induced Response and Disaster Prevention and
Control in Deep Coal Mines,

Anhui University of Science and Technology,

168, Taifeng Street, Huainan, Anhui, China

E-mail: 948271476@qq.com

812

Technical Gazette 29, 3(2022), 806-812




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


