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Abstract

To improve the tunnelling-cutting efficiency, enhance the overturning stability of the tunnelling-cutting
system, a shield-type tunnelling robot system was proposed, a load model of the cutting drum was
established, and the cutting and tractive resistance were obtained. Force and overturning stability models
were constructed. The stability coefficient was put forward, a multirigid-body dynamic model was built,
and a model of the conditions for maintaining stability and a model of the vibration displacement
response law were established. A simulation experiment and an underground on-site coal and rock
section cutting test were performed, and the overall system stability and the vibration displacement
response of each component were compared to verify the correctness of this study. Results prove that
the proposed stability coefficient can significantly improve the overall stability by giving the shield the
force to adapt to the cutting load. The transverse and longitudinal vibration displacement responses of
the cutting drum to upper and lower shields decrease successively. The maximum transverse and
longitudinal displacements are 9.27 and 11.68 mm, respectively.
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1. INTRODUCTION

Given the harsh and complex underground driving environment in coal mines, tunnelling-
cutting equipment vibrates easily in the tunnelling process of roadways, aggravating instability,
causing a decline in cutting efficiency, and even leading to safety accidents of personnel and
equipment [1, 2]. Moreover, the intelligent development of coal mining has been restricted by
such long-term problems as fast coal mining but slow tunnelling and fast tunnelling but slow
supporting. Coal roadheaders, which can considerably improve the tunnelling-cutting
efficiency and safety of coal mine roadways, have been widely applied in the tunnelling of some
large-scale coal mine roadways. With the development of the coal industry, the technical level
of a fully mechanized coal mining face and the equipment level have been continuously
improved, and intelligent development has been preliminarily achieved. As coal mining speed
and efficiency are further improved, elevated requirements for coal mine roadway tunnelling
have been proposed, and the contradiction of “fast mining and slow tunnelling” becomes
increasingly prominent. Studying tunnelling robot systems and realizing tunnelling-support and
tunnelling-anchoring synchronous operations have become a domestic and foreign research
hotspot regarding the tunnelling of coal mine roadways.

Chinese and foreign scholars have extensively analysed tunnelling-support parallel
operations. Multiple models of tunnelling-anchoring all-in-one machines have been developed
to realize an integrated tunnelling process and a parallel operation of tunnelling for coal cutting
and anchor bolt support. For instance, German DHMS and Japanese Mitsui Miike, which are
representative companies, have developed roadheaders based on cantilever roadheaders,
realizing parallel operations of tunnelling cutting and temporary support [3]. U.S. Joy CM series
continuous coal winning machine and other rapid tunnelling equipment for continuous coal
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mining are used for double- or multi-roadway tunnelling, and MB670 from Sandvik Company
of Sweden and 12ED30 tunnelling-anchoring integrated unit from Joy Company of the U.S.
with improved tunnelling efficiency have been widely utilized in coal mine roadway tunnelling
at home and abroad [4]. The research on domestic tunnelling equipment started late, and the
current research direction focuses on rapid tunnelling systems, which have been successfully
developed and initially applied, such as the rapid tunnelling system of China Railway
Construction Heavy Industry Corporation Limited and the rapid tunnelling system of Taiyuan
Research Institute of China Coal Technology & Engineering Group. The research and
application of all-in-one machines for excavating and anchoring and rapid tunnelling systems
have improved the tunnelling speed of coal mine roadways and reduced the number of workers
in the tunnelling face. However, the cross-section cutting heads of these tunnelling systems are
all open structures, and the stability of the entire machine mainly depends on the gravity of the
machine body. Some problems remain, e.g., the entire machine of the tunnelling-cutting system
jumps, the vibration displacement response of the system components is considerably large, the
requirements for the tunnelling-cutting conditions of roadway coal and rock are high, and the
adaptability is poor. Ensuring the stability of the whole system, mastering the vibration response
law of each part of the tunnelling equipment, and reducing the vibration displacement are
theoretically and practically significant to improve the adaptability of the rapid tunnelling
system and realize stable and efficient tunnelling cutting.

2. STATE OF THE ART

Given the complexity of coal occurrence conditions, obtaining the cutting load is always
difficult, which brings challenges to the research and development of tunnelling equipment.
Foreign research in this field started earlier. the influence of cutting pick and cutting head on
the cutting process and analysed the change in cutting force were analysed by simulation [5-8].
The load of the cutting head through a mathematical or experimental method were obtained
[9-11]. Aiming at the complicated roadheader-based coal and rock cutting process and taking
the cutting head of a longitudinal roadheader as the study object. A tunnelling model of coal
and rock cutting in accordance was established with the cutting parameters determined by
experiments, a simulation was performed, and the cutting load and its variation law was
analysed [12]. The relationship between cutting state parameters and cutting load was evaluated
by mathematics and the finite element method [13]. The load of the cutting head of a
longitudinal roadheader, the dynamics of the cutting head and the stress of the cutting condition
were analysed, and the formulas for cutting resistance and tractive resistance of the cutting head
were deduced [14]. A solid model of a roadheader was established with three-dimensional
software and a load simulation of the cutting head was performed via Adams [15]. The
abovementioned studies mainly focused on the load analysis of cutting picks or the simulation
of the cutting head of longitudinal roadheaders to obtain the cutting load, with single conditions,
partially large deviations, or poor adaptability to the cutting load of full-section transverse
cutting drums.

In the aspect of system overturning stability, the static stability of a certain type of
tunnelling-anchoring integrated machine was analysed and it was concluded that overturning
and sliding would not occur within the specified slope range [16]. The stability equation of a
roadheader was established by analysing the torque and force borne by the roadheader. Based
on the analysis of an example, the critical stable state along the vertical axis was the critical
stable state of the roadheader [17]. The mathematical expression of the stability condition under
the working condition of transverse cutting of a cantilever roadheader was given through
mechanical calculation and derivation [18]. The performance indexes of a semi-coal and rock
roadheader was analysed and it was stated that working stability is an important index for
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evaluating the performance of the entire machine, which directly affects the cutting
performance and working reliability of the roadheader. The scholar also analysed the stress
situation of the semi-coal and rock roadheader in the static state of upward or downward slope,
downward travel along the maximum downward slope, upward or downward cutting, and
longitudinal drilling cutting [19]. The longitudinal stability condition of an EBZ260 roadheader
was put forward under the limit working condition [20]. The no-load static stability of an
EBH315 roadheader and its static stability under cutting conditions based on the static stability
conditions of a cantilever roadheader were analysed [21]. The above studies on the stability of
roadheaders aimed at the system overturning, sliding, or rotation generated within a specific
slope range and explored the stability within conditions based on the gravity of roadheaders,
accompanied with the fact that open structures keep stable by relying on gravity.

In the aspect of cutting vibration response, scholars established the dynamic model of a
longitudinal roadheader through simulation software and determined its related parameters
[22], constructed a vibration transmission path model by path analysis and analysed the source
of vibration [23]. Physical models of the cutting part and swing mechanism of a longitudinal
roadheader was established, the models were simulated and analysed by simulation, and the
vibration and stability of each component were predicted [24, 25]. The dynamic equation of a
longitudinal roadheader were established, the cutting arm of the longitudinal roadheader was
simulated and analysed in Adams [26]. Cutting dynamic and cutting vibration models of a
longitudinal roadheader were established and the vibration displacement was analysed by
simulation [27]. The aforementioned studies assessed the vibration of each component of open-
type roadheaders by simulation, while shield-type structures with a shield supporting the roof
and floor remain to be deeply explored.

Such related achievements in China and abroad mainly concentrated on the cutting load,
overturning stability on different roadway slopes, and cutting vibration response of longitudinal
roadheaders. Full-section transverse tunnelling-cutting equipment has been scarcely analysed.
Meanwhile, the stability of shield-type tunnelling cutting and supporting integrated equipment
has been investigated minimally, not to mention the cutting vibration displacement response
and transfer laws. With a shield-type tunnelling robot as the study object, a load model for the
cutting drum was established, and the relational models of cutting parameters with the cutting
resistance and tractive resistance borne were acquired. Mechanical and multirigid-body
dynamic models were built, laying a foundation for the research on system stability and
vibration displacement response. The stability coefficient for the tunnelling robot system was
proposed, and the conditions to keep stable were explored. Simulation and field tests were
designed, the correctness of the conditions for keeping the system stable was verified, and
whether the vibration displacement response of each system component met the cutting
requirements of the roadway section was determined.

The remainder of this paper is organized as follows: In Section 3, based on the structural
principle and characteristics of the shield-type tunnelling robot, a cutting drum load model,
system stability and multirigid-body dynamic models, and a virtual prototype of the shield-type
cutting robot were established, which provided a basis for the simulation experiment. In Section
4, the system stability and vibration displacement response were subjected to a simulation
analysis, and a field test platform was designed and erected for test and application. In Section
5, conclusions were drawn.

3. METHODOLOGY

3.1 Shield-type tunnelling robot model

To realize the intellectualization of rapid tunnelling of large-section semi-coal and rock
roadways in complex geological conditions and improve the cutting efficiency and unmanned
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(less manned) goal, a team led by Ma [28] designed and developed a rapid tunnelling robot
system for coal mine roadways, as shown in Fig. 1. The system is mainly composed of cutting
robot, temporary support robot (shield) I & II, drilling and anchoring robot, electrohydraulic
control platform, ventilation and dust removal system, and transportation system. Among them,
the cutting robot is the vanguard of the whole rapid tunnelling system. In this study, the shield-
type cutting robots in the system were taken as the study objects, which were composed of
temporary support robot (shield) I (including upper and lower shields) and a cutting robot
(sliding table, cutting arm, cutting drum, shovel plate, etc.) as shown in Fig. 2. The cutting robot
was integrated with the lower shield through its sliding table. The cutting operation was
completed by the upward and downward swinging of the cutting arm, the horizontal movement
of the sliding table, and the rotation of the cutting drum. Temporary support robot (shield) I
supported the roof and floor of the roadway through the upper and lower shields and the support
cylinder, exerting the functions of temporary supporting and cutting robot stabilization.
Temporary support robots (shield) I and 11 cooperated with each other to drive the tunnelling
system to move forward and backward.

Figure 1: Rapid tunnelling robot system for coal mine roadways; 1 — Cutting robot, 2 — Temporary
support robots (shield) 1 and 1, 3 — Drilling—anchoring robot, 4 — Electrohydraulic control
platform, 5 — Ventilation and dust removal system, 6 — Transportation system.

Figure 2: Shield-type cutting robot; 1 — Guide post, 2 — Lifting support cylinder, 3 — Cutting drum,
4 — Cutting arm, 5 — Cutting arm oil cylinder, 6 — Upper shield, 7 — Sliding table, 9 — Lower
shield, 10 — Sliding table pushing cylinder.

3.2 Cutting drum load model

The coal and rock section cutting operation of the tunnelling robot started from each pick on
the cutting drum. The force borne by the pick on the cutting drum should be analysed. Because
of the complex coal and rock cutting environment, the cutting drum was subjected to cutting
resistance, cross-section friction, and other different effects, presenting irregularity and
randomness. Therefore, cross-section cutting should be properly simplified. The force borne by
each cutting pick of the drum during the cutting process could be converted into the axial cutting
resistance Y; of the cutting drum and the tractive resistance tangential to the section, as shown
in Fig. 3.
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Figure 3: Single cutting force.

Under general circumstances, cutting picks will be worn. After being worn blunt, the cutting
picks contact with the cut section into one plane. In this case, the cutting resistance Zj; borne by
the i™" cutting pick on the j™ transversal cutting line is [14, 29]:

The cutting tractive resistance is solved as follows:
_2.5Z;;(0.15 + 0.0056 Py)

Y, 2
Y /10 hyppgy Sing )

where, Zjj — Cutting resistance; Yij — Tractive resistance; Px — Coal-rock contact strength
coefficient; k, — Type coefficient of cutting picks; k, — Shape coefficient of the cutting drum;
k' — Shape coefficient of the cutting drum; kq — Diameter coefficient of the cutting drum;
k'y—Influence coefficient of the cutting angle; #i;— Cutting angle of cutting picks; Sij—Projection
of cutting picks’ wear surface on the section.

The cutting resistance and tractive resistance of all cutting picks on the j™" transversal cutting
line were projected in the cutting robot coordinate system, and the projections of the forces
borne by all cutting picks were summed. On this basis, the cutting resistance Z; and tractive
resistance Y;j borne on the j" transversal cutting line of the cutting drum can be solved as follows:

n
(Z] = z(_YU COS 91] - Zl] sin 9”)
©

n
Y}' = z(_YU sin 9” + Zl] CoS 9”)
i=1
The cutting resistance and tractive resistance on all transversal cutting lines were summed

to obtain the cutting resistance and tractive resistance counter-accepted by the cutting drum, as
displayed in the following formula:

m

5

j=1

R,
m (4)
Ry = 2 Yj
=1

660



Ma, Xue, Wang: Cutting Vibration Response of a Shield-Type Tunnelling Robot System

3.3 Mechanical model of the cutting robot

The temporary support robot supported the roadway roof and floor when the shield-type
tunnelling robot cut the coal and rock. The forces borne by the whole system included system
gravity, floor support force Fy1, roof pressure Fy., roof friction fo, floor friction fi1, sectional
cutting resistance R; and tractive resistance Ry, i.e., the forces decomposed by the cutting force
into the axial and vertical directions of the roadway, and the internal acting force of the shield-
type cutting robot, including the interaction force between each oil cylinder and connection
point, as shown in Fig. 4. For keeping the system stable during cutting and preventing the
system from bouncing around axis O because of the massive cutting force to avoid affecting
the system safety and stability and impeding sectional cutting, the force and moment of the
system should be balanced.

Figure 4: Cutting mechanical analysis of the shield-type cutting robot.

>M=FxL =0
>F,=0 (5)
YF, =0

For ensuring a stable and continuous cutting process and preventing tilting around axis O,
the stabilizing moment Ms should be greater than the moment of cutting resistance Mo, i.e., the
following cutting stability condition should be met [30]:

M
K=—2>11
M ©)

o

3.4 Multirigid-body dynamic model of the shield-type tunnelling robot

Through SolidWorks, each component of the shield-type tunnelling robot was drawn, and all
components were assembled in accordance with the movement of roadway tunnelling cutting
in the assembly environment. The attribute of each component was defined, and the constraint
relationships were added. Motion examples were generated, and motion analysis was carried
out to ensure that the three-dimensional model was free of interference and could meet the
realization of the cutting motion relationship. Such parameters as cutting load, ground support
force, roof pressure, cutting friction, and damping were added to the model, followed by re-
examination and verification in the Adams environment, ensuring that the drive and constraint
requirements of cutting were satisfied [31]. Then, a multirigid-body dynamic model of the
shield-type tunnelling robot was constructed, as shown in Fig. 5.
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Figure 5: Multirigid-body dynamic model of the shield-type cutting robot.

4. RESULT ANALYSIS AND DISCUSSION

4.1 Simulation analysis

The relevant parameter of each part of the shield-type tunnelling robot is described as follows.
The parameter specifications of the cutting drum included the mass of the cutting
drum = 6235.349 kg, the mass of the cutting arm = 20031.67 kg, the mass of the sliding
table = 11287.20 kg, the mass of the lower shield = 75416.49 kg, and the mass of the upper
shield = 98669.34 kg. The stiffness coefficients of the cutting drum, cutting arm, sliding table,
lower shield, and upper shield were 7.8 x 105, 6.8 x 105, 6.8 x 105, 3.7 x 103, and 3.7 x 103,
respectively; their damping coefficients were 6.0 x 104, 3.6 x 104, 3.3 x 104, 3.4 x 104, and
3.4 x 104 N-s/m, respectively.

Based on the above, the load of the cutting drum and the pressure (tensile force) of the
cutting arm’s oil cylinder and sliding table’s oil cylinder were solved, as shown in Fig. 7.

In Fig. 6, curve (1) is the cutting resistance of the cutting drum, and curve (2) represents the
tractive resistance of the cutting drum. The load of the cutting drum showed periodically
irregular changes, and the mean value and instantaneous peak value of the cutting resistance
were 180 and 735 KN, respectively. Similarly, the load of the cutting drum presented
periodically irregular changes, and the mean value and instantaneous peak value of the tractive
resistance were 156 and 640 KN, respectively. The tractive resistance was 85 % of the cutting
resistance. In Fig. 7, (1) is the pressure (tensile force) curve of the sliding table’s oil cylinder,
and (2) is the pressure (tensile force) curve of the cutting arm’s oil cylinder. The pressure
(tensile force) change of the two oil cylinders was roughly divided into two types: In Step 1,
the oil cylinder of the sliding table moved backward, during which the mean value of the oil
cylinder’s output tensile force was great and gradually decreased, reaching the minimum value
when the cutting arm moved to the horizontal position. In Step 2, the sliding table moved
forward, and the thrust of the oil cylinder gradually increased. Meanwhile, the swing cylinder
force of the cutting arm continued to decline, and the force gradually grew in the final stage.
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Figure 6: Load of the cutting drum. Figure 7: Pressure of the cutting arm’s oil cylinder.
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Bouncing stability of the cutting robot: In case of no interaction force between the upper
shield of temporary support robot | and the roadway roof, i.e., Fy> =0, Fig. 8 is obtained in
accordance with the change and stability conditions for the cutting force. Therein, (1) represents
the stability coefficient, and (2) denotes the instable interval of overturning and bouncing
movements made by the cutting robot. The stability condition is not met at the probability of
39 %; hence, cutting fails to proceed smoothly, leading to an accident.

‘f
1 |.“l, il Hlﬂ.”i‘“\ \J‘J,. p l .L‘ul‘dltlumllﬂ‘,“l. IMI’.”AL}” :[: ”W
0 2‘0 4‘0 " 6‘0 8‘0 0 2‘0 -:U W 6‘0 8‘0
a) b)

Figure 8: Change curves of the cutting-induced bouncing stability coefficient; a) Stability without
bracing, b) Stability with bracing.

The changes in the stability coefficient k; when the support force of the oil cylinders (4 ones)
for the upper and lower shields of the temporary support robot was taken as F2y (4F) >5865 KN
are displayed in Fig. 9. The stability coefficient was constantly greater than 1.1, which could
ensure the smooth implementation of cutting.

Vibration displacement response of the cutting robot: On the basis of the previously
established multirigid-body dynamic model, the robot’s cutting drum, cutting arm, sliding table,
upper shield, and lower shield were subjected to longitudinal and transverse random
displacement response simulation analyses. The simulation time was set to 90 s, being the
cutting time for one section, the cutting speed to 2.3 m/min, and the drum speed to 25 r/min.

The random displacement response and the transverse random displacement response of the
cutting drum, cutting arm, sliding table, lower shield, and upper shield during the downward
(longitudinal) cutting process are exhibited in Fig. 9.

— 10 | — @

S/mm
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a) b)
Figure 9: Displacement response of each part of the robot; a) The cutting drum, b) The cutting arm.

In Fig. 9, (1) indicates the longitudinal displacement, and (2) represents the transverse
displacement. According to the displacement response diagram and Table I, in the sectional
cutting process, the maximum, minimum, and mean values of the longitudinal random
responses of the cutting drum, cutting arm, sliding table, and upper and lower shields were all
greater than the transverse displacements. The maximum, minimum, and mean values of the
displacements from the cutting drum to the upper and lower shields gradually decreased, and
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the displacements of the upper and lower shields were almost negligible. Because the picks on
the cutting drum were symmetrically arranged on both sides, the transverse vibration
displacement was effectively reduced. In addition, the upper and lower shields of the shield
structure supported the roof and floor of the cut roadway, effectively playing a stabilizing role
in the cutting process, reducing the system displacement, controlling the vibration of each
component of the robot, ensuring the smooth cutting process, and guaranteeing the cutting

quality.

Table I: Displacement response of the cutting drum, cutting arm, sliding table
and upper and lower shields.

Robot component | Value feature | Longitudinal displacement /mm | Transverse displacement /mm
ina d Maximum value 9.27 3.77
Cutting drum - imum value “8.23 450
. Maximum value 8.78 2.69
Cuting arm Minimum value —7.65 -3.06
. Maximum value 3.24 0.51
Sliding table = um value 333 0,53
. Maximum value 1.94 0.31
Lower shield 1 imum value 2,00 0.32
hiel Maximum value 1.62 0.26
Upper shield Minimum value -1.67 —0.26

4.2 Test analysis

Based on the established mechanical model and simulation experiment of the shield-type
tunnelling robot and the actual situation of the Xiaobaodang mine roadway, a field test was
designed to test the vibration and displacement response of the cutting drum, cutting arm,
sliding table, and upper and lower shields. The test platform is a shield-type rapid tunnelling
system. High-precision displacement sensors were installed on the cutting drum, the sliding
table, the cutting arm, and the contact surface between the upper and lower shields and the roof
and floor of the roadway, as shown in Fig. 10.

Figure 10: Rapid tunnelling system and laser displacement sensors.

One section, which was 4250 mm in height and 4400 mm in width, was cut in the field
roadway test at a cutting depth of 300 mm, a cutting speed of 2.3 m/min, and a drum speed of
25 r/min.

The shield lifting cylinder could output a thrust of 1530 KN. From the above analysis, when
F>5865 KN, the stability condition was met and the thrust of each lifting cylinder was greater
than 1466 KN. In the test, the thrust of a single lifting cylinder was 1500 KN. The effect of the
cross-section cutting test is shown in Fig. 11.

664



Ma, Xue, Wang: Cutting Vibration Response of a Shield-Type Tunnelling Robot System

Figure 11: Sectional cutting effect after the shield supports the lifting cylinder and pressurization is
implemented.

On the premise of meeting cutting conditions, the displacement response of the cutting
drum, is displayed in Fig. 12.

1 1
1] 20 40 an

t/s

Figure 12: Displacement response of the cutting drum.

From Fig. 12 that the longitudinal displacement responses of the cutting drum, the cutting
arm, the sliding table and the upper and lower shields were all greater than the transverse
displacement responses, the displacement responses decreased in turn, and the closer to the cut
section, the greater the displacement response. The transverse displacement responses were
evidently smaller than the longitudinal displacements because the cutting robot performed
drum-type cutting, and the cutting picks were symmetrically installed on the cutting drum,
which could largely keep the cutting forces on both sides of the drum balanced, resulting in
minor vibration. The vibration displacement responses declined in turn for two reasons: First,
the cutting drum was connected to the section, serving as the source of vibration. Second, the
shield-type structure could support the roadway roof and floor, significantly reducing the
vibration of the cutting system and enhancing the system stability.

Comparison of the simulation and test results of each component’s displacement response
indicated that the tested displacement response should be generally greater than the simulated
value, and the relative error between the test and simulation values was 6 %—26 %. The reason
is as follows: The roadway operation field conditions were complicated, and the vibration was
great because of the influences of the roadway size and shape, sectional partition, and the
friction of the cutting robot system.

5. CONCLUSION

This study assessed the stability of a shield-type tunnelling robot and the vibration displacement
response law of the system components to improve the tunnelling-cutting stability and reduce
the impact of vibration on the system. The following conclusions were acquired through
simulation and test:
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(1) A load model for the cutting drum of the shield-type tunnelling robot was established,
and the relationships of cutting parameters with the cutting resistance and tractive resistance
borne in the cutting process were determined.

(2) The stability coefficient for the shield-type tunnelling robot system was proposed. A
pressure of 5865 KN, when a shield-supported cylinder was used to cut coal and rock with
hardness of 6, was determined to be the condition for keeping the system stable.

(3) Through simulation and test methods, the vibration displacement responses of the
cutting drum, cutting arm, sliding table, and upper and lower shields were found to be
increasingly smaller, and the maximum transverse and longitudinal displacements were 9.27
and 11.68 mm, respectively.

This study is of great significance for improving the large-sectional semi-coal and rock
cutting stability of coal mines and reducing the vibration displacement response. In the follow-
up study, an intelligent perception method will be integrated so that the system can perceive the
vibration of each component to some extent, which will help further relieve the influence of
vibration on the cutting process and improve the system stability and cutting efficiency.
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