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Abstract: In order to prevent a roof fall accident of a coal mine roadway mining face, temporary
support must be provided before the permanent support of the roadway. At present, the commonly
used forepoling bar support has poor reliability and low efficiency, and other machine-mounted or self-
moving temporary supports are also difficult to use widely due to the complex geological conditions
and limited working space at the heading face. On the basis of the mechanical characteristics analysis
and numerical simulation of the wall rock support system, we propose a temporary support scheme
that can adapt to the uneven roof of the roadway and the complex geological conditions on site, and
that can ensure the cooperative operation of multiple equipment on site. A self-moving temporary
support (SmTS) is designed, and its mechanical characteristics are analyzed to meet the mechanical
requirements of the wall rock support system on the mining face. The multiobjective optimization of
the main beam structure based on response surface methodology (RSM) is carried out to eliminate
the design redundancy on the premise of meeting the support requirements of the main beam. Our
research provides a novel method and corresponding equipment for the temporary support of a
mining face. Applications of the proposed approach in the 7900 mining area of a mine proves the
effectiveness of the method and equipment.

Keywords: roadway temporary support; self-moving temporary support (SmTS); wall rock support
system; multiobjective optimization design; response surface methodology (RSM)

1. Introduction

At present, bolt support is widely used as permanent support during the tunneling
of fully mechanized roadway in coal mines, and temporary support must be provided
to prevent the roof caving of the tunneling face before the bolt support. At present, a
number of front probe beams are generally suspended on the roof bolts along the roadway
as temporary supports. The front probe beams extend forward to the empty roof area to
protect the roof and prevent personal injury and death caused by roof fall. With the above
support method, the initial support force cannot be applied to the roof, the support range is
limited, it is impossible to work in parallel with the roadheader [1], the reliability is poor [2],
the support efficiency is low [3,4], and the safety hazard is large [5]. To solve this problem,
scholars and enterprises have proposed various types of machine-mounted or self-moving
temporary supports, but due to their own structure, they have not been widely used [6].

The geological conditions of a tunneling roadway are complex, the roof is uneven,
there are many equipment and personnel in the roadway, and the space is narrow [7].
Based on the above situation, we propose a self-moving temporary support method based
on the analysis of the mechanical characteristics of the wall rock of the roadway and build
a numerical simulation method for the mechanical characteristics of the support and a
multiobjective optimization method for the key components based on it.
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The existing research similar to our study mainly focuses on the integrated equipment
such as machine-mounted temporary support and mining–tunnelling–anchoring integrated
machine. These devices are highly automated, but because they are integrated with other
equipment, they have high space requirements. At the same time, due to the simple
support structure, they cannot adapt to the actual working conditions of complex geological
conditions and an uneven roof. This paper plans to solve the problem of the temporary
support of roadways with complex geological conditions. On the basis of a mechanical
analysis of the wall rock support system and a numerical simulation of the support pressure,
a self-moving temporary support (SmTS) suitable for uneven roadway roof is constructed,
and its mechanical characteristics are analyzed. A multiobjective optimization method for
key components based on response surface methodology (RSM) is constructed to optimize
and analyze the key components of the support. The application of our research can
realize the efficient and reliable temporary support of a tunneling roadway and provide
a temporary support method in the process of coal mine roadway tunneling, which can
solve the problems of low efficiency, poor reliability, and large potential safety hazards of
the temporary support of a tunneling roadway.

The remainder of the paper is organized as follows. Section 2 reviews the literature
relating to the temporary support of roadway and its relevant analysis and optimization.
In Section 3, the mechanical analysis and numerical simulation of the wall rock support
system of the tunneling roadway is introduced. A self-moving temporary support method
is constructed in Section 4. In Section 5, the multiobjective optimization of the main beam
is carried out, followed by a conclusion in Section 6.

2. Literature Review

In order to realize the temporary support work in the process of roadway excavation,
scholars have carried out a lot of research in the field of temporary support design, support
analysis, and optimization.

2.1. Temporary Support Equipment for Roadway

Temporary support equipment for a roadway refers to the equipment used to tem-
porarily support the wall rock of the roadway, ensure the stability of the roadway wall
rock, prevent roof collapse, and protect the safety of operators during roadway excava-
tion. Many scholars have studied different forms of temporary support methods and their
corresponding equipment

(1) Forepoling bar temporary support

A forepoling bar temporary support belongs to the passive support mode [8]. Gener-
ally, an I-beam for mining is used as the forepoling bar, which is suspended on the roof bolt
in the support area and is probed to the newly cut, empty roof area along the direction of
the roadway axis. The gap between the forepoling bar and the roof is filled with wooden
wedges to ensure the contact between them.

The forepoling bar support has a certain protection effect on the roadway roof, the
required equipment is simple, and the cost is low. However, the disadvantages of this
support method are a poor support effect, complex erection process, long manual operation
time, and low support efficiency [9]. Before the permanent support is completed, the rock
mass has produced plastic deformation, which cannot effectively prevent roof accidents
such as a roadway roof fall, and the support effect is not ideal [10]. During the erection
of the forepoling bar support, the staff carry out the operation under the empty roof area,
which makes it difficult to ensure the safety of the construction personnel [11].

(2) Machine-mounted temporary support

A machine-mounted temporary support is based on the roadheader and driven by
the hydraulic cylinder, which is erected on the top of the roadheader to improve the
adaptability of the temporary support to the roadway [12]. Li et al. [13] developed a
new type of machine-mounted temporary support in view of the problems existing in the



Appl. Sci. 2022, 12, 10745 3 of 42

temporary support with a forepoling bar. This equipment was designed with an integral
shield beam and could operate alternately with the roadheader. Compared with the
forepoling bar temporary support, this equipment was simple to operate and could exert an
initial support force on the roadway roof, improve the roadway footage speed, and reduce
the labor intensity of workers. Aiming at the problem of the long auxiliary time of bolt
support in fully mechanized roadway excavation, Jian [14] developed a machine-mounted
hydraulic temporary support composed of a guard plate, hydraulic cylinder, telescopic bar,
and connecting rod. This equipment greatly improved the bolt support efficiency of the
excavation head and the safety assurance system of the heading, improved the automation
of the temporary support, and realized the rapid excavation of the roadway. Wang et al. [15]
proposed a side slide temporary support. A telescopic guideway was installed on both
sides of the roadheader, which was driven by a hydraulic cylinder. The temporary support
moved to the empty roof area in front of the cutting section of the roadheader under the
push of the telescopic guideway. A hydraulic cylinder was supported on the roadway
floor, and the main guard plate contacted the roadway roof and provided the support force
for it, which solved the problem that the support force of the temporary support on the
roadway roof was limited by the advance’s support distance. Li [16] developed a kind
of temporary support matched with the EBZ160 roadheader, which could work under
low roof conditions and solved the problem of the poor adaptability of the temporary
support to a low roof roadway. Yan et al. [17] improved the side guard pin mounting base
of a machine-mounted temporary support, reinforced it for the second time and designed
a removable side guard mounting device, which solved the problem of the mounting
base’s variability and fracture. Xin [18] optimized the structure of the machine-mounted
temporary support installed on the EBZ160 roadheader and installed a kind of frontal wall
support device on the basis of the original machine-mounted temporary support, so that
the temporary support could support both sides of the roadway and solved the problem
that current machine-mounted temporary supports had difficulty supporting both sides of
the coal wall.

Existing machine-mounted supports can play a certain supporting effect on the road-
way roof, but there are some shortcomings, such as the inability to simultaneously carry
out roof support and roadway excavation operations, and the inability to adapt to local
uneven roof conditions.

(3) SmTS

Based on existing temporary support equipment and traditional hydraulic supports
for roadways, Yang [19] designed an inchworm SmTS for coal mine roadways. This
equipment realized the effective support of the roof and independent movement under the
control of the hydraulic system, could move in parallel with the roadheader, and improved
the adaptability of the SmTS to roadways with different sizes. Wang [20] proposed an
SmTS composed of two groups of supports. This device moved by way of the two groups
of supports supporting each other and moving forward alternately. It could realize the
parallel operation of excavation and support, which improved the automation of temporary
support. Yang [21] designed a walking equipment for a roadway, which realized the
walking forward by sliding a guideway and two-way telescopic support. The equipment
could realize automatic mesh laying and could cooperate with the bolt drill installed on the
support to complete the permanent support of the roadway. Yao [22] designed a kind of
SmTS which included a walking mobile support and hydraulic column and could provide
temporary support and permanent support at the same time. The SmTS designed by
Liu [23] was composed of eight single groups of supports, and the pushing device realized
the step forward. The roof beam, side protection mechanism, and support leg were all
independent structures, which improved the adaptability of the temporary support to the
complex working conditions of the roadway.
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(4) Mining–tunnelling–anchoring integrated machine

In recent years, Australia and America have made great progress in the research and
development of mining anchor units that integrate mining, digging, and anchoring.

JOY company of Australia has designed the 12CM20WHRB-418 type digging and
anchoring integrated unit, which is used for rapid roadway excavation and can carry out
bolt support. The unit is equipped with four drilling rigs, which can realize the quick
support of the roadway, but tunneling and support cannot be operated at the same time [24].
Another company has designed the ABM20 mining anchor unit. When cutting coal, the
rear drill can provide temporary support for the roadway, which solves the problem that
tunneling and anchor support cannot work at the same time [25]. In China, Shandong
Yanzhou Coal Industry has developed an integrated machine for digging and anchoring,
which realizes the integration of driving and permanent support, but both cannot work at
the same time [26].

2.2. Finite Element Analysis of Temporary Support Equipment in Roadway

In order to solve structural mechanics problems, Professor Kraft first proposed the
finite element analysis (FEA) method to study the structural strength of aircraft [27], which
has become an effective method to solve complex engineering problems [28]. In order to
meet the design requirements, a variety of analysis software based on FEA has been widely
used to improve the efficiency of the analysis.

In recent years, many scholars have applied the FEA method to analyze the mechanical
properties of various forms of temporary support equipment. Ren [29] carried out an FEA
on the key load-bearing parts of the support, obtained the stress and strain distribution
characteristics and vibration characteristics of the roof beam and base, checked the strength
and stiffness of the key parts, and solved the resonance between the equipment and the
roadheader. Lu [30] carried out a mechanical and modal analysis on the roof beam, base,
and retaining wall of temporary support equipment of an arch roadway and obtained
the strain and stress characteristics of key parts under the maximum wall rock pressure.
Zhang [31] carried out an FEA on the overall structure and key bearing components of a
temporary support under different working conditions according to industry standards.
Li [32] carried out an FEA on the temporary support equipment under the roof fall con-
dition of a rectangular roadway through ANSYS Workbench and verified that it met the
support requirements. Yang [19] carried out an FEA on the roof beam and base of an
inchworm-type tunnel temporary support and studied the stress and strain characteristics
of the roof beam under normal working conditions and the most dangerous working
conditions. Liu [23] verified the rationality of structural stiffness and strength through a
static analysis, modal analysis, and dynamic response analysis of a single group of supports
and a push mechanism.

2.3. Optimization of Temporary Support Equipment for Roadway

The optimal design was first derived from Maxwell’s theory and Michell’s truss opti-
mization criteria. After that, VenLkayya and Gellatly proposed the optimal criteria method,
and then F.G.E. Petersa proposed the full stress design method theory, which focused on
how to improve the utilization of materials and reduce the weight of the structure while
meeting the requirements of structural application. Fleury and Schmit [23] innovatively
applied mathematical programming to optimization design problems and developed the
ACCESS program system that could be used to solve optimization design problems. The
system effectively improved the efficiency of solving structural optimization problems.

In recent years, more and more scholars have conducted relevant research on the
optimal design of temporary supports. Ren [29] established the parametric model of the
roof beam and base of the roadway SmTS and optimized its structure through ANSYS. By
changing its parameters, stress concentration was avoided, and the structural stress was
minimized on the basis of meeting the application requirements. Lu [30] took the roof beam
of the temporary support as the optimization object, selected the distance between the two
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bending plates in the roof beam as the design variable, and optimized the design with the
goal of reducing the weight of the roof beam. After optimization, the roof beam weight
was reduced by about 10%. Li [32] utilized the finite element method to optimize the
roof beam steel bar mesh structure of the temporary support under the roof fall condition
of a rectangular roadway, taking the number and diameter of the steel bar as the design
variables, taking the minimization of quality as the optimization goal, and taking the initial
number of the steel bar and the allowable stress of materials as the constraint conditions.
After optimization, the overall quality of the roof beam was effectively reduced on the
premise of meeting the support requirements. Du [10] optimized the structure of the roof
beam of the temporary support. With the allowable stress and deformation of the materials
as the constraint conditions, and the number and width of the I-beam and the section
height of the roof beam as the design variables, the quality of the roof beam decreased
by 11% after optimization. Ma [33] took the quality of the main beam of the SmTS as
the optimization goal. Under the condition that the maximum equivalent stress of the
structure was lower than the allowable stress of the material, he optimized the structure
by adjusting the wall thickness of the main beam, reducing its the quality. Yan [34] took
the roof beam of the temporary support of a rectangular roadway as the research object,
analyzed the maximum deformation and maximum stress distribution characteristics of the
roof beam under the roof fall condition, and avoided the structural stress concentration by
improving the structural strength and optimizing the welding method. Li [35] optimized
the structure by changing the number of I-beams of the temporary supports in the arch
roadway, reducing the stress concentration of the roof beam structure, and solving the
problem of equipment movement caused by stress concentration and excessive self-weight.

3. Mechanical Analysis and Numerical Simulation of Roadway Wall Rock

Before the tunnel is excavated, the rock at any place is squeezed by the wall rock.
When the rocks are squeezed by each other, the rock at any place is in the original stress
equilibrium state [36]. This state is broken when the roadway is opened. Due to the effect
of wall rock pressure, the rock stress state is redistributed until a new equilibrium state is
formed. The wall rock pressure is divided into the top pressure, side pressure, and bottom
pressure [32], and they are affected by many factors, such as the nature of the wall rock,
the shape of the roadway section, the size of the roadway section, and the buried depth
of the roadway. As the roof rock falls, the temporary support supports the exposed roof
to prevent the rock at the top of the roadway from continuing to fall, so that the rock at
the top of the roadway acts on the temporary support by applying pressure. Excessive top
pressure will cause roof fall accidents and threaten the safety of construction personnel.

Based on the analysis of the interaction between temporary support and wall rock,
a solution method of a wall rock support system combining theoretical calculation and
numerical simulation is proposed to determine the maximum wall rock pressure of the
roadway, and the stress, displacement, and plastic failure characteristics of the roadway
before and after the support is analyzed by numerical simulation, which provides a data
basis for the subsequent support design, analysis, and optimization.

3.1. Wall Rock Support System and Its Mechanical Analysis

After the rock mass is damaged, during the redistribution of internal stress, the rock
mass around the roadway plays a major bearing role on the overlying strata and is the main
bearer of the wall rock pressure [37]. The temporary support only bears 1~2% of the weight
of the overlying strata. Applying the initial support force to the exposed roof in time can
effectively prevent the roof falling trend, prevent the continuous expansion of the wall rock
plastic circle, and reduce the damage degree of the roof rock mass. The temporary support
and wall rock constitute the wall rock support system, and their interaction relationship is
shown in Figure 1. The abscissa U in the figure represents the displacement of wall rock,
and the ordinate P represents the support force of the temporary support.
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Figure 1. Interaction between temporary support and wall rock.

The original wall rock stress after roadway excavation is Pm, and only a temporary
support providing a support force equivalent to Pm can completely prevent the roof from
sinking. If a small amount of displacement of the roof is allowed, the roof is supported at
point A. At this time, the displacement of the wall rock is Ua, and the support force required
by the temporary support equipment is reduced to Pa, playing the role of self-bearing the
wall rock. During the continuous sinking of the roof, the equipment working point is
moved from point A to point B or point C, and the support force required by the equipment
is also reduced to Pb and Pc. Therefore, in order to maximize the self-bearing effect of wall
rock and reduce the support force required by the temporary support, it is required that
the roadway support system have a certain strength and scalability, and the roof is allowed
to have a certain displacement during the support process. The displacement U of the wall
rock should be controlled within a reasonable range. When the displacement of the wall
rock exceeds Uc, the loose pressure of the roadway increases, causing the wall rock of the
roadway to become loose and collapse, and the support force of the temporary support
equipment also increases. Therefore, in order to maximize the use of the self-bearing
function of the wall rock and ensure the stability of the wall rock, the displacement of the
wall rock should be controlled within Uc.

The design of a temporary support should be based on meeting the maximum wall
rock pressure of the roadway, and the solution of the wall rock pressure is a necessary step
in support design. At present, the theories related to wall rock pressure mainly include
the whole soil column theory, circular section elastoplastic theory, Terzaghi’s theory, PU’s
equilibrium arch theory, etc. Based on PU’s equilibrium arch theory and Terzaghi theory,
this paper adopted the method of comparing the two theoretical methods to solve the
maximum wall rock pressure of the roadway and took a mining area as an example to carry
out the mechanical calculation and analysis of the wall rock of the roadway.

(1) Solution of wall rock pressure based on PU’s equilibrium arch theory

PU’s equilibrium arch theory is a stress theory of wall rock that reflects the actual
situation of roadway roof collapse proposed by Protochiakonov, and its calculation model
is shown in Figure 2. According to this theory, the excavation of a roadway in a loose rock
mass with a certain cohesion forms a natural equilibrium arch at its top. The wall rock
pressure exerted on the temporary support is the self-weight of the rock mass inside the
natural equilibrium arch. The rock mass inside the equilibrium arch cannot bear the tensile
stress but can only bear the compressive stress [38]. A sliding surface with a certain angle
to the vertical plane is formed on both sides of the roadway.
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According to the theoretical calculation model, when the side wall of the roadway is
unstable, the maximum rise b1 of the natural balance arch is as follows

b1 =
a1

fp
(1)

where a1 is the half-span of the natural balanced arch and fp is the rock mass firmness coefficient.
The maximum span of natural balanced arch 2a1 is:

2a1 = 2
[

a + h tan
(

45◦ − ϕc

2

)]
(2)

where a is the half-width of the roadway; h is the roadway height; and ϕc is the angle of
internal friction of the rock mass.

The maximum wall rock pressure Q is:

Q = γb1 (3)

where γ is the average weight of the rock mass.

(2) Solution of wall rock pressure based on Terzaghi’s theory

Based on the principle of stress transmission, Terzaghi’s theory [39] believes that
the wall rock pressure acting on temporary support equipment comes from the stress
transmission of the self-weight of the overlying soil, and the size of the wall rock pressure
depends on such factors as the self-weight of the soil in the loose area and the internal
friction angle of the rock mass [40]. In this theory, the differential element body is taken
in the sliding block for the stress analysis, and the maximum wall rock pressure of the
roadway is calculated. The calculation model is shown in Figure 3.
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Figure 3. Terzaghi’s theoretical model.

In the Terzaghi’s calculation model, when the overlying strata subside, the two sides
of the roadway form a staggered surface. The included angle between OA and OB and
the vertical plane in Figure 3 is 45

◦ − ϕc/2. The staggered surface starts at point O of the
roadway floor, reaches points A and B along curve OA and OB, and then reaches points E
and I along curve AE and BI. The trajectory of curve AE and BI is difficult to calculate.
Generally, approximate vertical curves AD and BC are used to replace curves AE and BI,
respectively. The area ABCD between the roadway top and the ground is the sliding block,
and its width 2b is as follows

2b = 2
[

a + h tan
(

45◦ − ϕc

2

)]
(4)

where b is the half-width of the sliding block.
The differential element body with a thickness of dz and a buried depth of z is cut in

the sliding block. The stress of the element body is shown in Figure 3. The overburden rock
pressure Ps applied vertically downward on the upper surface of the unit is as follows

Ps = 2bqr (5)

where qr is the vertical initial geostress.
The dead weight G of the unit is:

G =
∫

2bγdz (6)

where dz is the unit thickness.
The vertical uplift force T applied on the lower surface of the unit is as follows

T =
∫

2b(qr + dqr) (7)
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The vertical sidewall rock friction Fc applied on the side of the unit is as follows

Fc =
∫

(k0qr tan ϕc + c)dz (8)

where c is the cohesion of the rock mass and k0 is the coefficient of side pressure.
The balance condition of the unit in the vertical direction is as follows

∑ Fr = Ps + G− T − 2Fc (9)

By introducing Formulas (7)–(10) into Formula (11), we get the following

qr =
bγ− c

k0 tan ϕc

(
1 + Ae−

k0z tan ϕc
b

)
(10)

where z is the buried depth of the unit.
According to the characteristics of Terzaghi’s theoretical model, when z = 0, qr = P0,

and P0 is the additional load on the surface. P0 is calculated as follows

P0 =
bγ− c

k0 tan ϕc
(1 + A) (11)

Substituting Formula (13) into (12), we get the following

qr =
bγ− c

k0 tan ϕc

(
1− e−

k0z tan ϕc
b

)
+ P0e−

k0z tan ϕc
b (12)

Taking z = L into Formula (14), the maximum wall rock pressure Q can be obtained
as follows

Q =
bγ− c

k0 tan ϕc

(
1− e−

k0 L tan ϕc
b

)
+ P0e−

k0 L tan ϕc
b (13)

where L is the roadway burial depth.

(3) Calculation of wall rock pressure in the 7900 mining area belt roadway

The section of the belt roadway in the 7900 mining area of a mine is rectangular, and
its relevant parameters are shown in Table 1. The maximum wall rock pressure of the
roadway is calculated based on the above-mentioned PU’s equilibrium arch theory and
Terzaghi’s theory.

Table 1. Parameters of 7900 mining area belt roadway.

Roadway Parameters Values

Height: h 3.5 m
Span: 2a 4.5 m

Cross-sectional area: S 15.75 m2

Burial depth: L 60 m
Average weight density of rock mass: γ 25 KN/m3

Rock firmness coefficient: fp 3
Lateral pressure coefficient: k0 1

Internal friction angle of rock mass: ϕc 30
◦

Based on PU’s equilibrium arch theory, the maximum span 2a1 of the natural equilib-
rium arch was 8.54 m according to Formula (2), the maximum rise height b1 of the natural
equilibrium arch was 1.423 m according to Formula (1), and the maximum wall rock pres-
sure Q of the roadway was 0.0355 MPa according to Formula (3). Based on Terzaghi’s
theory, the width 2b of the sliding block was calculated as 8.54 m by Equation (4), and the
cohesive force of the loose soil is usually 0.2 MPa. Regardless of the surface additional load
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P0, the maximum wall rock pressure Q of the roadway was calculated as 0.032 MPa by
Equation (13).

In order to ensure the safety and effectiveness of the temporary support and ensure
that the temporary support can provide a sufficient support force for the wall rock of the
roadway, the larger value of 0.0355 MPa calculated by PU’s equilibrium arch theory and
Terzaghi’s theory was taken as the maximum wall rock pressure of the roadway as the
basis for subsequent calculations.

3.2. Numerical Simulation of Roadway Wall Rock Based on FLAC 3D

In view of the complex geological conditions of the coal mine roadway, it was difficult
for the theoretical calculation to accurately reflect the real stress, deformation, and displace-
ment of the wall rock support system in the roadway. A numerical simulation method
of roadway wall rock support system based on FLAC 3D was constructed to analyze the
stress, displacement, and plastic failure characteristics of the roadway roof before and after
temporary support.

A numerical simulation method can fully reflect the stress, displacement, plastic
failure, and other characteristics of the wall rock within the range of the geotechnical model
and can modify the model parameters according to the actual situation of the rock mass
to simulate the different working conditions and geological conditions of the wall rock.
Common numerical simulation methods include the finite element method, boundary
element method, finite difference method, etc. Among them, the finite difference method
uses a difference instead of the differential, uses a Taylor series method to replace the
differential quotient in the original equation and the conditions of a definite solution, and
uses an integral sum to replace the integral, so as to establish difference equations instead
of differential equations, which is more suitable for geotechnical research [41].

Rock has the properties of a high compressive strength but low tensile and shear
strength, and the stress–strain relationship of the rock mass has complex nonlinear char-
acteristics. The rock mass bearing complex stress will have different forms of damage,
plastic failure, weak plane shear failure, etc. Based on the generalized concept of plasticity
theory, the above failure forms of the rock mass can be considered as “plastic failure”, so
the corresponding constitutive relationship can be established by using the plasticity theory.
Before reaching the yield limit, the medium can be approximately regarded as elastic, and
after reaching the yield limit, it can be regarded as plastic. When the material reaches the
strength limit, it is destroyed, and plastic flow occurs. The Mohr–Coulomb plastic failure
criterion model can better represent the stress failure characteristics of a soil mass and is
generally used for underground excavation and slope stability analysis. Its theory is that
materials change from elastic deformation to plastic deformation [42], and yield failure
occurs when the stress reaches the yield limit. Its yield function is as follows∣∣τq

∣∣ = c + σn tan ϕ (14)

where τq is the shear force of the yield surface and σn is the yield surface normal stress.
The parameters of the Mohr–Coulomb plastic failure criterion model mainly include

bulk modulus (K), shear modulus (G), Young’s modulus €, and Poisson’s ratio (µ). The
relationship between these parameters is as follows

K =
E

3(1− 2µ)
(15)

G =
E

2(1 + µ)
(16)

In the numerical simulation of roadway wall rock, the commonly used geotechnical
analysis software includes FLAC 3D, UDEC, 3DEC, etc. FLAC 3D was selected as the
software foundation to build our numerical simulation method of a roadway wall rock
support system. It is based on the Lagrangian finite difference method, which can accurately
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simulate the yield and plastic flow of materials and can effectively deal with elastoplastic
materials, large deformation, and other problems, which is suitable for the research content
of this paper.

The size of the elastic–plastic area and stress concentration area during roadway exca-
vation is affected by factors such as the roadway section size, burial depth, and mechanical
properties of coal and rock. Combined with the geological data of the 7900 mining area
of a mine, FLAC 3D was used to build the roadway wall rock support system model, as
shown in Figure 4, wherein (a) is the initial model of wall rock and (b) is the model of
roadway after excavation. The length of the model was 20 m, the width was 9 m, and the
height was 16 m. The shape of the roadway section was rectangular, and the section size
was 4.5 × 3.5 m, with a section area of 15.75 m2; it was composed of four layers of siltstone,
coal seam, silty sandstone, and medium fine sandstone from bottom to top. The definition
of its geological data is shown in Table 2.
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Figure 4. Roadway wall rock- support system model. (a) Initial model of wall rock, (b) excavation
roadway model.

Table 2. Rock mass parameters of wall rock model.

Rock Type Thickness (m) Cohesion (MPa) Internal Friction Angle (◦) Density (kg/m3)

Siltstone 3.0 7.2 35.0 2730
Coal seam 3.5 1.1 32.3 1330

Silty sandstone 2.5 5.6 38.4 2815
Medium fine standstone 7 7.0 40.5 2615

The wall rock model grid was divided unevenly, and the wall rock model grid param-
eters are shown in Table 3.

Table 3. Grid parameters of wall rock model.

Rock Type Length (m) Width (m) Height (m)

Siltstone 0.5 0.2 0.6
Coal seam 0.5 0.2 0.5

Silty sandstone 0.5 1.0 0.5
Medium fine standstone 0.5 1.0 0.7

We defined the boundary conditions of the roadway model as shown in Formula (17):
∆x1 = 0
∆x2 = 0
∆y = 0

q f = 1.5 MPa

(17)
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where ∆x1 is the lateral horizontal displacement of the model side, ∆x2 is the horizontal
displacement of the model bottom, and ∆y is the vertical displacement of the model bottom.
q f is the overburden load on the model top, as defined in Formula (18).

q f =
n

∑
i=1

γiLi (18)

where γi represents the unit weight of each rock layer, Li represents the thickness of each
rock layer, i represents different rock layers above the roadway, and n represents the total
number of rock layers. Here, the value of γi is 25 KN/m3, which is the average value.

We ran FLAC 3D to conduct a numerical simulation on the roadway wall rock model
established above, and we analyzed the displacement, stress, and plastic failure charac-
teristics of the roadway roof before and after the temporary support equipment support
according to the operation results. The support force required for the roadway roof was
calculated in Section 3.1. Here, we added this support force to the lower surface of the
roadway roof to replace the actual support. In this process, the influence of support stiffness
on the roof was ignored.

(1) Distribution characteristics of vertical displacement of roadway roof

The vertical displacement distribution of the roadway roof before and after temporary
support is shown in Figure 5. The comparative analysis of (a) and (b) shows that the
maximum vertical displacement of the roof before the support was 2.14 mm, the maximum
vertical displacement of the roof after the support was 1.76 mm, and the maximum vertical
displacement of the roof after the support was 17.8% lower than before, indicating that the
temporary support could protect the roof and reduce the roof subsidence.
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The vertical displacement curve of the roadway roof before and after temporary
support is shown in Figure 6. The comparative analysis of (a) and (b) shows that the
vertical displacement of the wall rock on both sides of the roadway was small, indicating
that the wall rock on both sides of the roadway had a strong bearing capacity. The closer to
the roadway center, the greater the roof displacement. At x = 7.75 m and x = 12.25 m, that is,
at the side wall of the roadway, the vertical displacement of the roof increased rapidly. After
the roof had been supported, the overall displacement trend of the roof was not obvious,
the overall displacement of the roof was controlled, and the displacement control effect in
the middle area of the roof was most obvious.
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Figure 6. Vertical displacement curve of roadway roof. (a) Before support, (b) after support.

(2) Stress distribution characteristics of roadway roof

The stress distribution characteristics of the roadway roof before and after temporary
support are shown in Figure 7. The wall rock in the middle of the roof mainly bore tensile
stress, while the wall rock in other areas mainly bore compressive stress. According to the
rock properties, the wall rock in the middle of the roof was most likely to be deformed and
damaged. By comparing (a) and (b), it can be seen that the maximum horizontal stress
of the roof before the support was 0.56 MPa, and the maximum horizontal stress of the
roof after the support was 0.35 MPa. The maximum stress of the roof was 36.5% lower
than before, indicating that the stress of the roof was controlled under the support of the
temporary support equipment.

Appl. Sci. 2022, 12, 10745 14 of 43 
 

 
 

(a) (b) 

Figure 7. Roadway roof stress distribution. (a) Before support, (b) after support. 

 

 

(a) (b) 

Figure 8. Stress curve of roadway roof. (a) Before support, (b) after support. 

(3) Plastic failure characteristics of roadway roof 
The plastic failure characteristics before and after roadway roof support are shown 

in Figure 9. 

After the roadway is excavated, the internal stress of the wall rock is released, and 
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Figure 7. Roadway roof stress distribution. (a) Before support, (b) after support.

The stress curve of the roadway roof before and after temporary support is shown in
Figure 8. The wall rocks on both sides of the roadway mainly bore compressive stress, and
the wall rocks in the empty roof area mainly bore tensile stress. The closer the roof was to
the roadway, the greater the compressive stress was. At x = 7.75 m and x = 12.25 m, that is,
at the side wall of the roadway, the stress trend of the roof changed, the compressive stress
decreased, and the compressive stress changed to a tensile stress. After the support, the
roof stress was reduced, and the stress control effect of wall rock in the empty roof area
was the best. According to the physical characteristics of rock with a strong compressive
capacity but poor tensile capacity, the tensile stress of the roof was reduced after support,
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which indicated that temporary support equipment played a certain role in protecting the
roof wall rock.
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(3) Plastic failure characteristics of roadway roof

The plastic failure characteristics before and after roadway roof support are shown
in Figure 9.
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After the roadway is excavated, the internal stress of the wall rock is released, and the
stress release process will cause the plastic failure of the roadway roof, floor, and two sides
to varying degrees. The comparative analysis of (a) and (b) shows that the application of
temporary support reduced the plastic failure area of the roof, indicating that the plastic
failure trend of the roof was controlled to a certain extent, preventing the continuous
expansion of the plastic circle of the wall rock; it showed that the temporary support could
prevent further damage of the roof wall rock.

4. SmTS Scheme and Its Mechanical Characteristics Analysis

Based on the preceding mechanical analysis of the wall rock support system of the
roadway, in order to adapt to the actual working conditions of the coal mine roadway, an
SmTS scheme for the tunneling roadway is proposed, and the SmTS is designed. On the
basis of adapting to the actual working conditions of the coal mine roadway, the effective
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protection of the roadway is realized. The mechanical properties of the support are studied
based on the finite element method to ensure the bearing capacity of the support.

4.1. Structural Design and Implementation of SmTS

The SmTSs mentioned in [20,30,33] do not consider the uneven working condition
of the roadway roof. Under this working condition, the temporary support cannot fully
contact the roadway roof, so it is easy to have uneven stress in the support process. In order
to achieve effective roof support, a kind of SmTS that can adapt to uneven roof conditions
was designed based on the previous research, as shown in Figure 10. The equipment mainly
includes a main beam, column, base, side guard board, four-bar mechanism, push jack, side
guard board jack, and other mechanisms. This equipment adopts the form of two groups
of support frames, which support each other and move forward alternately. Considering
that the SmTS is subjected to a horizontal force during moving, a four-link mechanism has
been installed between the equipment main beam and the base to prevent the equipment
from tipping.
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Figure 10. Structural diagram of SmTS. 1. Main beam; 2. side guard plate; 3. side guard plate jack;
4. column; 5. base; 6. moving jack; 7. four-bar linkage.

The roadway section supported by the SmTS is rectangular. In order to prevent the
roadway roof from falling, the top of the equipment bears the top pressure generated by
the weight of the overlying rock, that is, the maximum wall rock pressure. The top pressure
is the main factor of roadway damage. Taking the roof as the key support object of the
SmTS, when the top pressure is transferred to both sides of the roadway, it causes the rocks
on both sides to squeeze into the roadway. Both sides of the equipment bear the lateral wall
rock pressure generated when the two sides of rocks are squeezed.

The SmTS drives the roof beam and side shield through the column and side shield jack
to provide a support force for the roadway roof and side wall formed by the new cutting,
so as to prevent the roadway from large deformation, collapse, and other damage, reduce
the disturbance to the roadway roof, and prepare for the subsequent permanent support.

This kind of SmTS consists of two support groups at the front and back, which are
connected by pushing jacks. The front and rear support groups support each other and
move forward alternately. The pushing process is as follows:

(1) The piston rod of the side guard jack on both sides of the front support group shrinks,
the side guard is separated from the coal wall, the column of the front support group
drops, and the main beam is separated from the roof.

(2) The rear support group is the support, the jack piston rod is pushed out, and the front
support group pushes forward for one step. After the forward movement, the support
is shown in Figure 11.

(3) The column of the front support group rises, the main beam rises and supports the
top plate, the side guard jack pistons on both sides of the front support group stretch
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out, the side guard supports the coal wall, and the front support group completes the
push frame.

(4) The piston rod of the side guard jack on both sides of the rear support group shrinks,
the side guard is separated from the coal wall, the rear support group column drops,
and the main beam is separated from the roof.

(5) The front support group is the support. The jack piston rod is pushed to retract, and
the rear support group is pulled to move forward for one step. After the forward
movement, the support is shown in Figure 12.

(6) The column of the rear support group rises, the main beam rises and supports the top
plate, the jack piston of the side guard plate of the rear support group stretches out,
and the side guard plate supports the coal wall. A push cycle is completed.
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The SmTS can move forward in parallel with the roadheader. After the roadheader
excavates the empty roof area, the SmTS can support the empty roof area in time to
prevent the roof from falling, improve the roadheader startup rate, and improve the
support efficiency.

4.2. Adaptability Analysis of SmTS

The environment of a coal mine roadway is complex, and the temporary support not
only needs to meet the needs of wall rock support, but also should work in parallel with
other equipment in the roadway.

4.2.1. Adaptability Analysis of Support and Other Equipment in Roadway

The SmTS “straddles” the roadheader, which does not affect the normal operation of
the roadheader and other equipment. Sufficient space is reserved for the subsequent per-
manent support and ventilation. On the premise of not interfering with the normal cutting
of coal and rock mass by the roadheader, the roadway roof and both sides are temporarily
supported, and can cooperate with the roadheader, conveyor, and other equipment to form
the roadway heading working face system, as shown in Figure 13.
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Figure 13. Roadway heading face system.

4.2.2. Analysis on Adaptability of Support to Roadway Roof

As one of the main load-bearing components of the temporary support, the roof beam
bears the roof load, which has the function of supporting and protecting the roof, so it has a
high strength and stiffness. In order to adapt to the local uneven working condition of the
roadway roof, the roof beam adopts a flexible design, which is composed of a main beam
and adaptive support mechanism, shown in Figure 14.
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Figure 14. Roof beam structure. (a) Front view, (b) side View.

The adaptive support mechanism is composed of a support plate, flange plate, lifting
sleeve, compression spring, limit plate, and fixed sleeve, as shown in Figure 15. The support
plate is in contact with the roadway roof, its lower end is hinged with the lifting sleeve, the
compression spring is fixed inside the lifting sleeve and the fixed sleeve, and the adaptive
support mechanism is fixed on the spring support of the main beam.
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Under the working condition of an uneven roof, the working principle of adaptive
support mechanism is shown in Figure 16.
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Figure 16. Working principle of adaptive support mechanism. (a) Front view, (b) side view.

When the roof beam contacts the roadway roof, the uneven roof condition makes the
main beam unable to fully contact the roof. Through the adaptive support mechanism
installed on the main beam, its support plate can adapt to the local inclination of the roof,
and through the lifting sleeve and compression spring, it can adapt to the local unevenness
of the roof, ensure the contact between the roof beam and the roof, and apply the initial
support force.

4.3. Design Example of SmTS

We took the belt roadway in 7900 mining area of a mine mentioned above as an
example to design the temporary support. The EBZ135 roadheader was used for the
roadway excavation, and its relevant parameters are shown in Table 4. According to
the roadway size shown in Table 1 and the maximum wall rock pressure of 0.0355 MPa
calculated previously, we determined the overall size parameters, support strength, and
working resistance of the SmTS.
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Table 4. Parameters of EBZ135 roadheader.

Parameter Value

Total length 8.92 m
Overall width 2.83 m
Total height 1.48

Cutting height 4.0 m
Cutting width 5.1 m
Cutting area 20.5 m2

Cutting head speed 44 rpm
Travel speed 0~6.6 m/min

(1) SmTS parameters

In order to obtain the best support effect, the main beam of the support must fit the
roadway roof. The maximum support height of the support equipment was 3.5 m. To
ensure that the roof beam did not interfere with the cutting operation of the roadheader,
the lowest position of the roof beam was 1.5 m higher than the height of the roadheader, so
the minimum support height of the temporary support was 3 m.

The side guard board fitted the two sides of the roadway to obtain the best support
effect, that is, the overall width of the equipment was equal to a roadway width of 4.5 m. In
order not to affect the normal layout of the roadheader and realize the parallel operation of
the temporary support and the roadheader, the horizontal distance between the two bases
of the temporary support should be greater than the total width of the roadheader, and the
horizontal distance between the two bases was taken as 3.4 m.

The temporary support straddled the roadheader to fully cover the roadheader. The
length of the temporary support had to be greater than the total length of the roadheader.
Considering that the roadheader needs to leave working space for permanent support
when it retreats, the total length of the temporary support was determined to be 9 m. The
equipment consisted of two support groups, and the length of a single support group
was 4.5 m.

(2) Support strength and working resistance of SmTS

The support strength was calculated as follows

q0 =
QSk
Sl

(19)

where q0 is the support strength, Sl is the contact area between the main beam and top
plate, Sk is the top control area, and its definition is shown as follows

Sk = 2Lda (20)

where Ld is the length of single support group.
According to Formula (24), the top control area of SmTS was 20.25 m2, the maximum

wall rock pressure Q was calculated as 0.0355 MPa previously, and Sl was 6.18 m2. The
support strength q0 was obtained according to Formula (23), which was 0.116 MPa.

The working resistance of SmTS F0 was:

F0 = Q× Sk (21)

When the parameter was brought into Formula (25), F0 was 720 KN.

4.4. Mechanical Characteristics Analysis of SmTS

On the basis of theoretical calculation, a computer simulation was carried out for the
support equipment designed in Section 4.3 to verify the reliability of the design.
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4.4.1. Static Analysis of SmTS

ANSYS Workbench was used as an analysis tool to simulate the stress and deformation
of key components such as the main beam of the support under different working condi-
tions. Taking the main beam as an example, the main beam was made of two longitudinal
and five transverse rectangular steel tubes. The width and height of the steel tubes were
300 mm, and its thickness was 25 mm. The length of the longitudinal and transverse
steel tube was 4.5 m and 4.1 m, respectively. The transverse steel tubes were uniformly
distributed on the longitudinal steel tubes. We set the material to Q550, and its parameters
were set as follows: the elastic modulus was 210 GPa, Poisson’s ratio was 0.3, the yield
strength was 550 MPa, and the tensile strength was 670 MPa. We set the cell type as a
tetrahedron mesh, and the mesh cell size was 50 mm.

We set the boundary conditions of the main beam as follows. According to the working
resistance of 720 kN of the support obtained in Section 4.3, we evenly distributed it to four
columns, and the support force of each column was 180 kN. The working resistance of the
support was calculated under six typical working conditions of the main beam, including
uniform loading, loading at both ends, loading at both sides, lateral eccentric loading,
longitudinal eccentric loading, and torsional loading. Its load is shown in Figure 17.
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ends, (c) loading on both sides, (d) lateral eccentric loading, (e) longitudinal eccentric loading, and
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In the Static Structural module of ANSYS Workbench, the stress conditions of the
main beam under the above six working conditions were solved. The stress and deforma-
tion nephogram of the main beam is shown in Figure 18, and the maximum stress and
deformation are shown in Table 5. The conclusions are as follows.
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Figure 18. Nephogram of equivalent stress and total deformation. (a) Stress and deformation
nephogram of main beam under uniform loading; (b) stress and deformation nephogram of main
beam under loading at both ends; (c) stress and deformation nephogram of main beam under loading
on both sides; (d) stress and deformation nephogram of main beam under lateral eccentric loading;
(e) stress and deformation nephogram of main beam under longitudinal eccentric loading; (f) stress
and deformation nephogram of main beam under torsional loading.
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Table 5. Maximum stress and deformation of main beam.

Working Condition Maximum Deformation (mm) Maximum Stress (MPa)

Working condition 1: uniform loading 0.082 21.26
Working condition 2: loading at both ends 0.492 43.22
Working condition 3: loading on both sides 0.086 22.28
Working condition 4: lateral eccentric load 5.810 210.29
Working condition 5: longitudinal eccentric load 7.220 128.18
Working condition 6: torsional loading 4.219 107.93

(1) The maximum stress of the main beam under each working condition was less than
the material yield limit, and the material strength met the requirements.

(2) When the main beam was uniformly loaded, the working condition was the best, the
stress under the lateral eccentric load working condition was maximal at 210.29 MPa,
and the maximum deformation was 5.81 mm. Under the longitudinal eccentric load
condition, the deformation was maximal, and the corresponding maximum stress was
128.18 MPa.

(3) The stress and deformation of the equipment at the forced part and the connection
were larger. The reliability of the equipment could be improved by strengthening
the part.

4.4.2. Modal Analysis of Main Beam

As the key bearing component of the SmTS, the main beam needs to obtain its natural
frequency and mode shape through a modal analysis to determine the reliability of its
structural design. In addition to the structure of the main beam itself, the natural frequency
of the main beam is also related to the stiffness of the wall rock and other SmTS com-
ponents. Due to the limitation of our computer’s computing ability, the scheme of the
main beam modal analysis was simplified. The influence of wall rock and other support
components on the natural frequency of the main beam were simplified into load and
boundary conditions. Its vibration source was the roadheader, and the external excitation
frequency was the vibration frequency generated when the roadheader cut coal and rock.
The natural frequency obtained from the modal analysis was compared with this vibration
frequency to verify whether the main beam would resonate. The modal analysis of the
main beam was conducted through the model module of ANSYS Workbench; the first six
natural frequencies of the main beam were obtained as shown in Table 6, and the first six
vibration modes are shown in Figure 19.

Table 6. First six natural frequencies of main beam.

No. Vibration Frequency (Hz)

1 26.41
2 37.16
3 40.77
4 77.06
5 141.92
6 152.40



Appl. Sci. 2022, 12, 10745 24 of 42

Appl. Sci. 2022, 12, 10745 24 of 43 
 

As the key bearing component of the SmTS, the main beam needs to obtain its natural 
frequency and mode shape through a modal analysis to determine the reliability of its 
structural design. In addition to the structure of the main beam itself, the natural fre-
quency of the main beam is also related to the stiffness of the wall rock and other SmTS 
components. Due to the limitation of our computer’s computing ability, the scheme of the 
main beam modal analysis was simplified. The influence of wall rock and other support 
components on the natural frequency of the main beam were simplified into load and 
boundary conditions. Its vibration source was the roadheader, and the external excitation 
frequency was the vibration frequency generated when the roadheader cut coal and rock. 
The natural frequency obtained from the modal analysis was compared with this vibra-
tion frequency to verify whether the main beam would resonate. The modal analysis of 
the main beam was conducted through the model module of ANSYS Workbench; the first 
six natural frequencies of the main beam were obtained as shown in Table 6, and the first 
six vibration modes are shown in Figure 19. 

Table 6. First six natural frequencies of main beam. 

No. Vibration Frequency (Hz) 
1 26.41 
2 37.16 
3 40.77 
4 77.06 
5 141.92 
6 152.40 

 

 

 

(a) (b) 

 

 

(c) (d) 

Appl. Sci. 2022, 12, 10745 25 of 43 
 

 

 

(e) (f) 

Figure 19. First six vibration modes of main beam. (a) First vibration mode, (b) second vibration 
mode, (c) third vibration mode, (d) fourth vibration mode, (e) fifth vibration mode, and (f) sixth 
vibration mode. 

According to the first six vibration modes diagram of the main beam, it can be seen 
that: 
1. The natural frequency of the main beam increased with the increase of the modal 

order, and the sixth order had the largest natural frequency, which was 152.41 Hz. 
(4) The deformation of the main beam at the second-, fourth- and sixth-order modes was 

larger, and the deformation at the sixth order was the largest, with a maximum rela-
tive displacement of 2.04. 

(5) The cross bar and longitudinal bar of the main beam were tubular and were prone to 
bending and breaking. The maximum deformation at the no. 1, no. 3 and no. 6 natural 
frequencies was located at the end of the longitudinal beam and transverse beam at 
one side of the main beam, and the maximum deformation at the no. 2, no. 4 and no. 
5 natural frequencies was located at the end of the cross beam at both ends. 

(6) The working frequency of the roadheader working in parallel with the SmTS was 1.5 
Hz. It can be seen from Table 6 that the vibration frequency of each order of the main 
beam was greatly different from the working frequency of the roadheader, and reso-
nance would not occur. 

4.4.3. Fatigue Analysis of Key Components 
The fatigue analysis of the main beam was carried out under the condition of a lateral 

eccentric load. On the basis of the above-mentioned finite element model, the fatigue 
strength factor was set as 0.7, the load type was zero-based, and the average stress correc-
tion criterion was Goodman’s. We ran the fatigue analysis module Fatigue Tool in Ansys 
Workbench to obtain the nephogram of fatigue life, fatigue damage structure, and safety 
factor, and the fatigue characteristic curve of the main beam, as shown in Figures 20–23, 
respectively. 

 
Figure 20. Fatigue life nephogram of main beam. 

Figure 19. First six vibration modes of main beam. (a) First vibration mode, (b) second vibration
mode, (c) third vibration mode, (d) fourth vibration mode, (e) fifth vibration mode, and (f) sixth
vibration mode.

According to the first six vibration modes diagram of the main beam, it can be seen that:

(1) The natural frequency of the main beam increased with the increase of the modal
order, and the sixth order had the largest natural frequency, which was 152.41 Hz.

(2) The deformation of the main beam at the second-, fourth- and sixth-order modes
was larger, and the deformation at the sixth order was the largest, with a maximum
relative displacement of 2.04.

(3) The cross bar and longitudinal bar of the main beam were tubular and were prone to
bending and breaking. The maximum deformation at the no. 1, no. 3 and no. 6 natural
frequencies was located at the end of the longitudinal beam and transverse beam at
one side of the main beam, and the maximum deformation at the no. 2, no. 4 and
no. 5 natural frequencies was located at the end of the cross beam at both ends.

(4) The working frequency of the roadheader working in parallel with the SmTS was
1.5 Hz. It can be seen from Table 6 that the vibration frequency of each order of the
main beam was greatly different from the working frequency of the roadheader, and
resonance would not occur.
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4.4.3. Fatigue Analysis of Key Components

The fatigue analysis of the main beam was carried out under the condition of a
lateral eccentric load. On the basis of the above-mentioned finite element model, the
fatigue strength factor was set as 0.7, the load type was zero-based, and the average stress
correction criterion was Goodman’s. We ran the fatigue analysis module Fatigue Tool
in Ansys Workbench to obtain the nephogram of fatigue life, fatigue damage structure,
and safety factor, and the fatigue characteristic curve of the main beam, as shown in
Figures 20–23, respectively.
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It can be seen from the fatigue life nephogram of the main beam shown in Figure 20
that the number of cyclic loads in most areas of the main beam was 106 times, the lowest
fatigue life area was distributed at the connection between the spring support and the
beam, and the number of cyclic loads was 78,810 times. The overall strength of the main
beam was high, meeting the support requirements. It can be seen from the cloud diagram
of the fatigue damage structure shown in Figure 21 that the ratio of the structural design
life to the actual life of the main beam was less than 1, indicating that the most vulnerable
parts of the main beam could also meet the service requirements.

It can be seen from the safety factor nephogram shown in Figure 22 that the minimum
safety factor of the main beam was 1.13, which met the safety requirements. The fatigue
sensitivity characteristic curve shown in Figure 23 reflects the sensitivity of fatigue life to
load change amplitude. When the basic load change amplitude of the main beam was more
than 60%, the fatigue life decreased to 34,759. When the basic load change amplitude was
less than 60%, the maximum life value was 106. To sum up, the main beam structure was
reasonable, and the overall safety met the requirements of working conditions.

5. Multiobjective Optimization of Main Beam Structure Based on RSM

It can be seen from the mechanical characteristics analysis of the support above that the
main beam of the support had design redundancy on the premise of meeting the support
requirements. In order to optimize the performance of the support and improve the cost
performance ratio, a multiobjective optimization method based on RSM was constructed to
optimize multiple design parameters of the support main beam.

5.1. Multiobjective Optimization Method Based on RSM

Based on the simulation analysis data of the model, a structural multiobjective op-
timization method based on RSM [43,44] was proposed. First, we selected the design
variables to be optimized, selected the sample points in the design space, and obtained the
true response value of the objective function corresponding to the sample points through
simulation experiments. Then, the response surface model was determined according to
the response value, and the fitting response value of the target function corresponding to
the sample point was obtained according to the response surface model. Finally, we verified
whether the goodness of fit of the response surface model was reasonable by comparing
the real response value with the fitted response value. If it was reasonable, we solved
the objective function value iteratively and verified the optimization result, otherwise, we
reselected the sample point and calculated again. the process is shown in Figure 24.
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Figure 24. Multiobjective optimization of product structure based on RSM.

The above multiobjective optimization method based on SRM was applied to optimize
and solve the model. The main steps were as follows:

(1) Determine the design variables to be optimized in the model and set their value ranges.
(2) Select sample points in the design space and get the true response value of the target

function corresponding to the sample points through simulation experiments.
(3) Determine the response surface model according to the sample points and the real

response value of the objective function.
(4) Use the response surface model to calculate the fitting response value of the target

function corresponding to the sample point.
(5) Verify the goodness of fit of the response surface model by analyzing the true response

value and the fitted response value. When the goodness of fit is reasonable, proceed to
the next step; otherwise, reselect the sample points or increase the number of sample
points, and establish the response surface model again.

(6) Solve the optimal solution of the model objective function iteratively.
(7) Verify the rationality of the optimized design.

5.2. Multiobjective Optimization of Main Beam Structure

Based on the above multiobjective optimization method of the model structure based
on RSM, the main beam of SmTS was optimized and improved on the basis of the modeling
and analysis in Section 4.
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5.2.1. Selection of Optimal Design Variables

Through the analysis in Section 4.4, it can be seen that the stress of the main beam
under the lateral eccentric load condition was the largest, and the yield failure was most
likely to occur. Therefore, it was necessary to optimize the structure of the main beam under
this working condition. The response surface optimization tool provided in the Design
Exploration module of ANSYS Workbench was selected as the solution tool. Figure 25
shows the multiobjective optimization module built in ANSYS Workbench.
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The four thickness parameters of the beam in SmTS were selected as design variables,
as shown in Figure 26, P1, P2, P3, and P4. The range of value variation was set to be no
more than 10% of its initial value. The initial value, upper and lower limit values, and
physical meaning of each design variable are shown in Table 7. We imported the model
into the analysis software tool to establish the finite element model.
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Table 7. Parameter values of main beam design variables.

Design Variables Initial Value
(mm)

Lower Limit Value
(mm)

Upper Limit Value
(mm) Physical Meaning

P1 25.0 22.5 27.5 Thickness of left and right walls of
longitudinal beam

P2 25.0 22.5 27.5 Thickness of upper and lower
walls of longitudinal beam

P3 30.0 27.0 33.0 Thickness of left and right walls of
cross beam

P4 30.0 27.0 33.0 Thickness of upper and lower
walls of cross beam

5.2.2. Selection of Sample Points and Calculation of Real Response Value

Four design variables with a certain value range together constituted the design
space, which contained a large number of design variables with different permutations
and combinations. A group of sample points were selected in the design space through
the experimental design method, and the structure was optimized based on the sample
points. Whether the sample points were selected reasonably affected the accuracy of the
analysis results.

The central composite design (CCD) was adopted to select the sample points. The
CCD sample points were composed of cubic points, axial points, and central points [45].
The number of sample points nc was as follows

nc = 2ns−ζ + 2ns + 1 (22)

where nc is the number of sample points, ζ is the factorial coefficient, and ns is the number
of design variables. Among them, the factorial coefficient corresponding to the number of
design variables and the number of sample points are shown in Table 8.

Table 8. Number of central composite test design sample points.

ns ζ nc

1 0 5
2 0 9
3 0 15
4 0 25
5 1 27
6 1 45

There were four design variables in the optimal design of the main beam. According
to Table 8, the factorial coefficient was 0 and the number of sample points was 25. Some
sample points generated through the central composite design in ANSYS Workbench are
shown in Table 9.

The true response values of the objective functions, such as the maximum deformation
and maximum equivalent stress of the main beam corresponding to each sample point in
Table 9, are shown in Table 10.
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Table 9. Sample points selected for central composite design.

No. P1 (mm) P2 (mm) P3 (mm) P4 (mm)

1 25.0 25.0 30.0 30.0
2 22.5 25.0 30.0 30.0
3 27.5 25.0 30.0 30.0
4 25.0 22.5 30.0 30.0
5 25.0 27.5 30.0 30.0
6 25.0 25.0 27.0 30.0
7 25.0 25.0 23.0 30.0
8 25.0 25.0 30.0 27.0
• • • • • • • • • • • • • • •

14 23.239 23.239 32.113 27.887
15 26.760 23.239 32.112 27.887
16 23.239 26.760 32.112 27.887
17 26.760 26.760 32.112 27.887
18 23.239 23.239 27.887 32.112
19 26.760 23.239 27.887 32.112
20 23.239 26.760 27.887 32.112
21 26.760 26.760 27.887 32.112
22 23.239 23.239 32.112 32.112
23 26.760 23.239 32.112 32.112
24 23.239 26.760 32.112 32.112
25 26.760 26.760 32.112 32.112

Table 10. True response value of sample point objective function.

No. Max. Deformation
(mm)

Max. Equivalent
Stress (MPa)

Minimum Fatigue
Life (Times)

First Order Natural
Frequency (Hz) Quality (kg)

1 5.810 210.288 78,810.001 26.411 8436.186
2 5.819 210.492 78,633.709 26.644 8347.873
3 5.801 209.859 79,507.420 26.185 8524.498
4 5.815 211.099 77,807.800 26.643 8347.873
5 5.811 210.280 78,925.294 26.184 8524.498
6 6.108 221.705 65,001.531 25.993 8204.454
7 5.587 205.360 86,086.919 26.741 8667.918
8 5.984 243.385 46,162.493 26.237 8204.454
• • • • • • • • • • • • • • • • • •

14 5.766 238.070 50,057.375 26.861 8313.802
15 5.753 237.370 50,600.337 25.938 8439.934
16 5.764 237.765 50,292.723 25.940 8439.933
17 5.747 237.277 50,672.835 25.624 8562.561
18 5.932 219.041 67,949.483 26.861 8313.806
19 5.911 217.810 69,368.278 26.521 8439.938
20 5.920 219.261 67,699.881 26.520 8439.937
21 5.908 212.324 76,174.330 26.209 8562.565
22 5.576 206.510 84,341.098 26.519 8634.433
23 5.555 206.278 84,689.830 26.183 8760.565
24 5.561 207.553 82,797.412 26.188 8760.564
25 5.552 206.538 84,298.557 25.881 8883.192

5.2.3. Construction of Response Surface Model for Multiobjective Optimization of
Main Beam

According to the above optimization variables and model optimization requirements,
the mathematical model of design variables, objective functions, and constraints was
constructed, and the response surface model was built and solved.

The mathematical representation of the design variables was as follows

X = [x1, x2, x3, x4]
> (23)

where xi represents the no. i design variable, i = 1, 2, 3, 4, corresponding to the parameter
P1 − P4 of the main beam.
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The value range of design variables was expressed as:

ui ≤ xi ≤ vi, i = 1, 2, 3, 4 (24)

where ui and vi represent the lower and upper limit values of design variables, respectively,
and their specific values are shown in Table 7.

The optimization aimed to minimize the mass, equivalent stress, deformation, first-
order natural frequency, and minimum fatigue life of the main beam. Its objective function
was defined as 

f1(xi) = minS(xi)(i = 1, 2, 3, 4)
f2(xi) = minM(xi)(i = 1, 2, 3, 4)
f3(xi) = minD(xi)(i = 1, 2, 3, 4)
f4(xi) = maxF(xi)(i = 1, 2, 3, 4)
f5(xi) = maxL(xi)(i = 1, 2, 3, 4)

(25)

where S(xi) is the maximum equivalent stress of the main beam, M(xi) is the mass of
the main beam, D(xi) is the maximum deformation of the main beam, F(xi) is the first-
order natural frequency of the main beam, and L(xi) is the minimum service life of the
main beam.

The maximum equivalent stress of the main beam was less than the allowable stress
of the material, so the constraint condition was expressed as

σ(xi) ≤ [σ], i = 1, 2, 3, 4 (26)

where σ(xi) is the maximum equivalent stress of main beam and [σ] is the allowable stress
of material.

According to the above definition of the design variables, constraints and objective
functions, the multiobjective optimization mathematical model of the main beam can be
expressed as: 

x = [x1, x2, x3, x4]
>

f1(xi) = minS(xi)
f2(xi) = minM(xi)
f3(xi) = minD(xi)
f4(xi) = maxF(xi)
f5(xi) = maxL(xi)

ui ≤ xi ≤ vi(i = 1, 2, 3, 4)
σ(xi) ≤ [σ]

(27)

The response surface model represents the functional relationship between the sample
point and its target function response value. Its general formula is shown as follows

y = β0 +
n

∑
i=1

βixi +
n

∑
i=2

i−1

∑
j=1

βijxixj +
n

∑
i=1

βiix2
i + ε (28)

where y is the objective function, β is the regression equation coefficient, xi is the design
variable, n is the number of design variables, and ε is the error term.

In the multiobjective optimization of the main beam, the response outputs of the
design variables x1, x2, x3, and x4 were, respectively, the maximum deformation D(x), the
maximum equivalent stress S(x), the minimum fatigue life L(x), the first-order natural
frequency F(x), and the mass M(x) of the main beam. Therefore, the test had four factors
and five responses, and the response surface model was

y(x) = β0 + β1x1 + β2x2 + β3x3 + β4x4 + β11x2
1 + β11x2

1 + β22x2
2 + β33x2

3 + β44x2
4 + β12x1x2 + β13x1x3

+β14x1x4 + β23x2x3 + β24x2x4 + β34x3x4 + ε
(29)
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The above formula can be expressed in matrix as follows

y(x) = αT β + ε (30)

where the definition of α and β are as follows

α = [1, x1, x2, x3, . . . , x3x4] (31)

β = [β0, β1, β2, β3, . . . , β34]
T (32)

When there is k groups of tests, Formula (30) is expressed as follows

Y = X·B + ε (33)

In Formula (33), matrix B is an unknown matrix representing the relationship between
an independent variable and a dependent variable. The unknown matrix B [46] was
calculated by the least square method, and its calculation formula was as follows

B =
(

XTX
)−1

XTY (34)

The response surface models of the maximum deformation D(x), the maximum
equivalent stress S(x), the minimum fatigue life L(x), the first-order natural frequency
F(x), and the mass M(x) of the main beam were obtained by calculating the data of sample
points and their response values in Tables 9 and 10 using the above method, as shown in
Formulas (35), (36), (37), (38), and (39), respectively.

D(x) = 22.88− 8.14× 102x1 − 9.91× 102x2 − 0.505x3 − 0.33x4 + 4.03× 104x2 − 2.34× 10−17x1x3
−2.79× 10−17x1x4 − 3.36× 104x2x3−3.36× 104x2x4 − 3.36× 104x3x4 + 1.34× 103x2

1
+2.14× 103x2

2 + 5.37× 103x2
3 + 3.15× 103x2

4

(35)

S(x) = 6.06× 103 − 42.01x1 − 47.26x2 − 89.52x3 − 2.14× 102x4 − 0.12x1x2 + 0.11x1x3 − 0.11x1x4
+0.11x2x3 − 5.91× 10−2x2x4 + 0.68x3x4 + 0.89x2

1 + 0.97x2
2 + 0.99x2

3 + 31.82x2
4

(36)

L(x) = −4.57× 106 + 2.59× 104x1 + 3.45× 104x2 + 6.02× 104x3 + 1.88× 105x4 + 1.62× 102x1x2
−1.31× 102x1x3 + 1.71× 102x1x4 − 1.38× 102x2x3 + 71.96x2x4 − 31.35x3x4
−6.16× 102x2

1 − 7.29× 102x2
2 − 8.19× 102x2

3 − 3.11× 103x2
4

(37)

F(x) = 7.62− 1.79× 10−2x1 + 2.21× 10−2x2 + 0.67x3 + 0.54x4 + 1.81× 10−3x1x2 + 1.68× 10−4x1x3
+1.68× 10−4x1x4 −−1.68× 10−4x2x3 + 5.01× 10−4x2x4 − 3.51× 10−3x3x4
−2.58× 10−3x2

1 − 3.38× 10−3x2
2 − 7.34× 10−3x2

3 − 6.79× 10−3x2
4

(38)

M(x) = 1.27×103 + 42.4 + 42.4x2 + 96.69x3 + 96.7x4 − 0.28x1x2 − 1× 10−13x1x3 − 9.27× 10−15x1x4
+1.35× 10−13x2x3 + 4.49× 10−14x2x4 − 0.64x3x4 − 1.63× 10−7x2

1 − 1.63× 10−7x2
2

−1.13× 10−7x2
3 − 1.13× 10−7x2

4

(39)

5.2.4. Fitting Response Value Solution and Goodness-Of-Fit Analysis

We calculated the values of Formulas (35)–(39) to obtain the fitting response values
of the corresponding objective functions such as the maximum deformation, maximum
equivalent stress, and minimum fatigue life of the main beam at each sample point, as
shown in Table 11.
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Table 11. Sample point objective function fitting response value.

No. Max. Deformation
(mm)

Max. Equivalent
Stress (MPa)

Min. Fatigue Life
(Times)

First-Order Natural
Frequency (Hz) Mass (kg)

1 5.803 205.732 82,113.190 26.426 8436.186
2 5.822 212.233 77,230.004 26.639 8347.852
3 5.801 210.420 79,294.534 26.181 8524.519
4 5.821 212.238 77,093.582 26.634 8347.852
5 5.811 211.445 78,022.916 26.177 8524.519
6 6.122 225.696 64,658.508 25.970 8204.226
7 5.580 203.672 84,816.411 26.750 8668.145
8 5.989 257.428 33,054.988 26.215 8204.220
9 5.673 211.320 75,044.701 26.516 8668.151
10 6.178 257.849 37,772.533 26.280 7981.767
• • • • • • • • • • • • • • • • • •

14 5.769 234.588 54,228.663 26.859 8313.807
15 5.752 235.838 52,435.727 26.526 8439.930
16 5.760 236.030 52,316.939 26.521 8439.930
17 5.747 235.718 52,531.648 26.210 8562.554
18 5.928 220.614 65,779.008 26.517 8313.815
19 5.911 218.374 68,471.157 26.184 8439.938
20 5.918 219.617 66,991.589 26.189 8439.938
21 5.906 215.814 71,691.383 25.878 8562.562
22 5.580 209.575 81,676.828 27.034 8634.355
23 5.562 209.092 82,425.723 26.703 8760.478
24 5.566 210.140 80,834.164 26.704 8760.478
25 5.553 208.095 83,590.704 26.395 8883.102

Because there was a deviation between the predicted value of the response surface
model and the true response value, only the approximate solution of the objective function
could be obtained. To ensure the accuracy of the predicted data of the response surface
model, its goodness of fit was verified through a significance analysis. The prediction ability
of the response surface model could be determined according to the decision coefficient
R2, the modified decision coefficient R2

a, and the normalized root-mean-square difference
NRMSD. The closer the decision coefficient R2 and the modified decision coefficient R2

a
were to 1, and the closer the normalized root-mean-square difference NRMSD was to 0,
the better the significance of the response surface model was, and the more accurate the
predictive value was.

The determination coefficient R2 is defined as follows

R2 = 1− SSE
SST

(40)

where SSE is the sum of residual squares, SST is the sum of total squares, and they are
defined as follows, respectively,

SST =
n

∑
i=1

(yi − y)2 (41)

SSE =
N

∑
i=1

(yi − ŷi)
2 (42)

where yi is the true response value of sample point, y is the average value of the real point
response value of the sample, ŷi is the sample point fitting response value, and n is the
number of sample point response values.

The corrected decision coefficient R2
a is defined as follows

R2
a = 1− SSE(n− 1)

SST(n− ns − 1)
(43)

where ns is the number of design variables.
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The normalized root-mean-square difference NRMSD is defined as follows

NRMSD =

√
1
n ∑n

i=1(yi − ŷi)
2

1
n ∑n

i=1 yi
(44)

The significance analysis parameters of the response surface model calculated accord-
ing to Formulas (40)–(44) are shown in Table 12. R2 and R2

a of each objective function were
close to 1, and NRMSD was close to 0, which indicated that the data had good significance,
that is, the goodness of fit of the response surface model was good.

Table 12. Response surface model significance analysis parameters.

Fit Goodness Index D(x) S(x) L F(x) M(x)

R2 0.999 0.946 0.945 0.999 0.999
R2

a 0.999 0.935 0.934 0.999 0.999
NRMSD 8.58× 10−4 8.63× 10−4 3.00× 10−6 7.58× 10−3 2.37× 10−5

The goodness of fit of the response surface model obtained through ANSYS Workbench
is shown in Figure 27. The test points of the objective function in the figure were all
distributed on the fitting curve, which further showed that the response surface model had
a good fit.
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5.2.5. Response Surface Analysis

The response surface graph can directly reflect the influence of design variables on the
objective function. According to the response surface graph, the influence of the design
variables on the objective function can be determined, and the response surface graph can
be obtained through the multiobjective optimization module of ANSYS Workbench. Taking
the design variables P3 and P4 of the main beam as an example, the response surface of P3
and P4 to the mass, maximum deformation, maximum stress, first-order natural frequency,
and fatigue life of the main beam were obtained, as shown in Figures 28–32, respectively.
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It can be seen from the above response surface diagram that with the increase of P3
and P4, the weight of the main beam increased, the maximum deformation decreased,
the maximum stress decreased, the first natural frequency increased, and the fatigue life
increased. The influence of the above design variables on the objective function provided a
basis for the subsequent correction of the design variables and determination of the optimal
design scheme.

5.2.6. Multiobjective Optimization Solution of Main Beam

Generally, it is difficult for multiple objective functions to obtain the optimal solution
at the same time. When one optimization objective reaches the optimal value, the other
optimization objectives are not optimal. Therefore, a large number of effective solutions,
namely Pareto solutions [47], re obtained in the multiobjective optimization problem. The
goal of multiobjective optimization is to obtain multiple Pareto solutions and select the
optimal solution from the Pareto solution set according to the actual demand.

In this paper, the multiobjective genetic algorithm [48] in the optimization module of
ANSYS Workbench was used to iteratively solve the response surface model established
above, and the Pareto solution set was obtained after. The multiobjective optimization
design of the main beam included four design variables and five objective functions, which
belonged to the multivariable multiobjective optimization problem and a multiobjective
genetic algorithm was applicable.

In order to improve material utilization and reduce the maximum equivalent stress
of the main beam, the maximum equivalent stress and mass of the main beam were set
as the highest priority before the iterative solution. The multiobjective genetic algorithm
was selected as the solution method. The initial population size, iteration number, and
other parameters were set and solved iteratively. The three groups of optimal solutions
are shown in Table 13. The optimal design scheme was determined from the three groups
of solutions.
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Table 13. Optimal solution of multiobjective optimization.

No. P1
(mm)

P2
(mm)

P3
(mm)

P4
(mm)

Max. Deform.
(mm)

Max. Stress
(MPa)

Min. Fatigue
Life (Times)

1st Order
Frequency (Hz) Mass (kg)

1 22.96 23.63 31.25 30.26 5.706 206.84 82566 26.89 8432.2
2 23.86 22.66 31.08 30.38 5.714 207.33 82152 26.88 8426.0
3 24.86 23.04 30.09 30.52 5.778 206.35 82042 26.64 8410.9

Comparing the three groups of optimization schemes in Table 13, in order to reduce
the maximum equivalent stress and mass of the main beam as much as possible, the third
group of schemes was selected, and its design variables were rounded. The final correction
values of each design variable are shown in Table 14.

Table 14. Design variable correction value.

Design Variables Original Value (mm) Optimization Value
(mm)

Correction Value
(mm)

P1 25 24.86 24.9
P2 25 23.04 23.0
P3 30 30.09 30.1
P4 30 30.52 30.5

5.3. Verification of Main Beam Optimization

According to the values of the design variables in Table 14, the main beam was
simulated and analyzed under the condition of a lateral eccentric loading. The optimized
stress nephogram, deformation nephogram, fatigue life nephogram, and first-order natural
frequency nephogram are shown in Figures 33–36, respectively. By comparing Figure 18d,
Figure 19a, and Figure 20 before optimization, it can be seen that after optimization, the
maximum stress of the main beam decreased to 206.82 MPa, the maximum deformation
decreased to 5.78 mm, the first natural frequency was adjusted to 26.72 Hz, and the fatigue
life increased to 82769 times. Through measurement, it can be seen that the mass of the
main beam decreased to 8419.1 kg.
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The performance parameters of the main beam before and after optimization are
shown in Table 15. After optimization, the quality and maximum equivalent stress of the
main beam were reduced, and other properties were also optimized, which showed that
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the overall performance of the main beam was improved and verified the rationality of the
structural optimization of the main beam.

Table 15. Performance parameters of main beam before and after optimization.

Index Max. Deformation
(mm)

Max. Stress
(MPa)

Min. Fatigue Life
(Times)

First-Order Natural
Frequency (Hz) Mass (kg)

Before optimization 5.81 210.29 78810 26.41 8516.2
After optimization 5.78 206.82 82769 26.72 8419.1

Variation (%) −0.51% −1.65% +5.02% +1.17% −1.14%

6. Conclusions

In summary, aiming at the temporary support problem of the coal mine roadway
heading face, we proposed a temporary support scheme that could adapt to the uneven
roof of the roadway, we analyzed and optimized the scheme and its equipment, and we
solved the problem of efficient temporary support under the complex geological conditions
of the roadway heading face under the condition of ensuring the cooperative operation
of multiple pieces of equipment on site. Firstly, the mechanical characteristics of the wall
rock support system in the coal mine roadway were analyzed, which provided a data
premise for the temporary support scheme. Then, a novel self-moving temporary support
scheme and its equipment were proposed, and the static, modal, and fatigue finite element
simulation of its structure were carried out to verify its safety. Finally, a multiobjective
optimization method based on RSM was proposed to solve the problem of the design
redundancy of the support. The key components of the support were optimized, and the
optimization results were verified.

Compared with previous research, our research solved the temporary support problem
of a roadway heading face under complex geological conditions. The application of our
research can realize the cooperative work of SmTS and other equipment in the coal mine
roadway heading face and improve the roadway heading efficiency.

Our future work will focus on installing loads such as a roof bolter on the SmTS,
realizing the cooperation with the permanent support. In addition, the support prototype
needs to be applied in more coal mines to achieve further verification.
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