ISSN 1213-2489

June 2024, Vol. 24, No. 3 CISSN 27879402

MANUFACTURING TECHNOLOGY

DOI: 10.21062/mft.2024.047 © 2024 Manufacturing Technology. All rights reserved. http:/ /www.journalmt.com

Dynamic Analysis of the Propulsion Process of Tunnel Boring Machines

Xiangping Liao (0000-0003-3238-7310)*, Ying Zhao (0009-0000-4409-5038), Shaopeng Kang (0000-0001-5453-
1462), Kailei Liu (0000-0002-3503-9891), Xinyang Zhu (0009-0004-5384-4466), Langxin Sun (0009-0008-8784-
3110)

School of Mechanical Engineering, Jiangsu University of Technology, Changzhou, 213000, China
*Corresponding Author, Xiangping Liao, Jiangsu University of Technology (School of Mechanical Engineering),
Changzhou, 213000, P.R. China, Ixp@)jsut.edu.cn

In order to improve the excavation efficiency, and consider the influence of the interference force
generated by the propulsion system on the design and service life of key components, it is necessary to
correct the trajectory of the tunnel boring machine when excavating curved tunnels. The mechanical
model of tunnel boring machine propulsion system is established, and its dynamic characteristics are
established by ADAMS software. By analysing the thrust force of hydraulic cylinder (1500KIN) and the
three steering angles of 0.5°, 1° and 2°, the change of the angle between the thrust hydraulic cylinder and
the key components of the gripper shoe hydraulic cylinder is studied, and the relationship between the
tightening force and the horizontal propulsion force of the gripper shoe hydraulic cylinder is also studied.
The research reveals the difference of the changing laws of propulsive force and tighteningforce under
different steering angles. The results are helpful to study the optimal matching relationship between
mechanical model and driving parameters of TBM, and have important theoretical significance to further
improve the driving efficiency and stability of TBM.
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1 Introduction

Full-section tunnel construction technology typi-
cally utilizes tunnel boring machines (TBM) to achieve
mechanical pressure cutting and rock crushing. Based
on large modern loading and transporting machinery
as auxiliary equipment, it is a highly mechanized and
automatic tunnel excavation equipment, which is
complex and has the advantages of high efficiency,
speed, safety, and so on [1-2]. Thus, the steps of exca-
vation, slagging, lining, grouting, and so on can be
completed at one time [3-4]. However, it is well known
that the cost of TBM equipment is very expensive, and
the initial investment in TBM construction engineer-
ing is even greater. Therefore, the use of motion sim-
ulation methods to study the optimal matching rela-
tionship between the mechanical model and excava-
tion parameters of TBM during the propulsion pro-
cess is of great theoretical significance for improving
TBM excavation efficiency and stability [5-6]. The dy-
namic simulation work is completed by ADAMS [7].

Domestic and foreign scholars have conducted a
series of studies on TBM gripper-thrust systems.
Huang et al [8], established a geometric model for the
position in-verse solution of the TBM gripper-thrust
mechanism; Wang et al [9], established the motion
equations between the thrust cylinder, directional cyl-
inder, and operating parameters of the mechanism.
Gao et al [10], established a finite element model of

mechanisms under typical configurations using
SAMCETF. Farrokh [11] analyzed the actual engineer-
ing data of TBM, such as excavation efficiency and
speed, and developed a TBM monthly footage predic-
tion model. Zhang et al [12], analyzed the force on a
single tool under different surrounding rock condi-
tions and the force on the main machine under a
mixed excavation face. In summary, researchers have
conducted relevant research on TBM gripper-thrust
mechanisms from various aspects, but the simulation
model has not been appropriately simplified, resulting
in a large workload, and there has been no in-depth
research and analysis on the steering conditions of
TBM propulsion.

Based on the TBM propulsion system model, a
TBM excavation process model was established using
ADAMS software, and its dynamic characteristics
were analyzed. During the modeling process, the orig-
inal size was used as much as possible, and some in-
significant components were simplified to improve
computational speed [13-15]. Under the rated propul-
sion force and 0.5 °, 1° and 2 ° turning angle, the rea-
sonable matching relationship between the turning an-
gle and the force transfer angle between the hydraulic
cylinder and its spherical joint was studied, which
could lay a research foundation for further researching
the relationship between TBM propulsion force and
the tightening force to solve the problem of
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TBM gripper Shoe slipping and rock wall collapse.
It provides the theoretical value for further improving
the tunneling performance of the TBM.

2 Establishment of the Propulsion Process
Model for TBM

2.1 Mechanical Model of Propulsion Mechanism
for TBM

The simplified TBM propulsion system is shown
in Fig. 1. During operation, the gripper shoes of TBM
support both sides of the surrounding rock tightly un-
der the action of the gripper shoe cylinder.
Then, under the action of thrust cylinders on the left
and right sides of the main beam, the main beam
moves forward, and the electric motor drives the cut-
ter head to rotate and cut the rock surface. After ad-
vancing one stroke, the rear gripper shoe cylinder that
supports the ground extends out. The gripper shoe is
retracted and brought back by the gripper shoe cylin-
ders, pushing the thrust cylinder to retract, and the
gripper shoe moves forward by one stroke, thus
achieving a working circuit process [16].

Cutter head Hydraulic motor

Electric motor.
Main beam

\
\ Right thrust cylinder

Left thrust cylinder
Gripper shoe

Gripper shoe cylinders

Rear support leg /

Fig. 1 Diagram of TBM propulsion system

The external loads that support the propulsion
mechanism of TBM during propulsion include the
gravity of the mechanism itself, the propulsion and ro-
tational reactions at the cutter head, and the surround-
ing rock pressure and friction force on the shield, etc.
To facilitate mechanical analysis of the propulsion
mechanism, the force model of the mechanism can be
simplified as follows.

After supporting the surrounding rock tightly with
the gripper shoe, the gripper shoe and the surrounding
rock are regarded as one entity, which is the fixed end.

Ignoring the gravity of the support and thrust hy-
draulic cylinder and its spherical joint, the hydraulic
cylinder can be considered as a two-force rod.

The pressure and friction force of the surrounding
rock surrounding the shield is uniformly distributed

around the shield, which can be equivalent to a fric-
tional resistance acting on the center point of the cut-
terhead.

The force distribution of the simplified TBM sup-
port propulsion mechanism is shown in Fig. 2. Estab-
lish a spatial coordinate system O-XYZ with the cen-
ter point O of the cutterhead as the origin, (f0, m0) as
the propulsion reaction force and torque of the sur-
rounding rock towards the cutterhead. The point of
action of the equivalent friction force between the sur-
rounding rock and the cutterhead shield without con-
sidering gravity is O, the unit direction vector is -Y and
the size is Fr. The point of action of the support force
and friction force of the surrounding rock on the
shield under the action of gravity is point A, and the
unit ditection vectors ate -Z and -Y, with sizes Fx and
Fr, respectively. The acting points of gravity on the
cutterhead, main beam, and saddle are O, B, and N,
respectively, with unit direction vectors of z and sizes
of Fg1, Fp, and Fg, respectively. The acting point of
the propulsion force provided by the gripper shoe to
each thrust hydraulic cylinder is D;, the direction unit
vector of each propulsion force is dj, the position vec-
tor relative to the O point is lg, and each propulsion
force is Fpi. The acting points of the force between the
hydraulic cylinder and the spherical joint of the shoe
support are R and S, and their position vectors relative
to the O point are I and I, assuming they have Fg,
Fry, Frs, and Fsy, Fsy, Fs, components in the XYZ di-
rection, respectively. The unit direction vector of the
force exerted by the rear supporting system on the
propulsion mechanism is y, and the magnitude is Fg.

Fig. 2 Schematic diagram of the force acting on the TBM
propulsion mechanism

By balancing the force of the propulsion mecha-
nism in the three directions of x y z, it can be con-
cluded that equation (1). By balancing the torque of
the propulsion mechanism at point O, it can be con-
cluded that equation (2).
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According to equations (1) and (2), the force Fgy, between Fs, and the propulsion force Fpi, can be
Fr., and Fsy between the gripper shoe cylinder and the calculated as follows.
shoe spherical joint, as well as the relationship
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2.1.1 Force Simulation Model for the Gripper
Shoe of TBM
Taking the gripper shoe as the single body force \
analysis object, as shown in Fig. 3, it is subjected to the Fod =
propulsion of the thrust cylinder Fpid; and Fpada. b '% Fpx
The force acting on the spherical joint of the grip- =
per shoe hydraulic cylinder is Fry, Fry, and Fr.. - FDE"E%
The positive support force of the gripper shoe pro- =
vided by the side wall surrounding rock is Fni;
The frictional force of the surrounding rock to the
support shoe is Fg. The unit direction vector is w,
where w is perpendicular to x and the angle between
wand z is Ow. Assuming the equivalent maximum
static friction coefficient between the sidewall sur-
rounding rock and the gripper shoe is p. Fig. 3 Schematic diagram of TBM gripper mechanical
By balancing the three directional forces of the analysis
gripper shoe in XYZ, it can be concluded that.
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The positive support force Fxi of the gripper shoe
provided by the surrounding rock on the side wall and
the friction force Fg of the support shoe need to
be met.

The relationship between the tightening force Fry
of the gripper shoe cylinder and the propulsion force

Fpi of the thrust cylinder can be obtained from
equations (5) and (0).

HFy 2 F, ©)

2 2 2
FRXZ% FR21+(ZFDidiDy+FRyj +ZFDidiDC
i=1

i=1

tan 8, =

2
— Zi:lFDidiDy+FRy

F

Rz

In the process of tunnel excavation, the propulsion
force of TBM is transmitted by supporting
the surrounding rock with a gripper shoe.
Therefore, the stress analysis of the surrounding rock
is based on the stress analysis of the gripper shoe.
The force of the gripper shoe is mainly composed of
three patts: the thrust hydraulic cylinder force Fs, the
support torque hydraulic cylinder force Iz and the
gripper shoe cylinder forceFi[17]. The torque
hydraulic cylinder is mainly the weight of the
supporting main beam and the equivalent force
transmitted by the cutter head. Therefore, the force
acting on the surrounding rock mainly comes from
two parts thrust hydraulic cylinder force I; and
gripper shoe cylinder Force Iy [18].

As shown in Fig. 4, during the tunnel excavation
process, the main force of the thrust cylinder on the
gripper shoe is F3” and F3!. The angles between them
and the direction of the gripper shoe cylinder are al
and 2, respectively. Under the condition of straight
heading and turning, the starting values of a1 and o2
are different, and in the propulsion process 5, I's!
changes with the change of « [19]. On the other hand,
in the vertical direction of the surrounding rock,
the gripper shoe is mainly supported by the tightening
reaction force Fi%and !, and the supporting reaction

Tab. 1 Simulate TBM technical parameters

)

force is equal in size and opposite in direction under
the straight working condition [20]. However, under
the condition of horizontal turning, the tightening
pressure on the left and right sides will change.

1,% Gripper shoe

Right .
Thrust Cylinders f% Gripper shoe cylinders

Main Beam

;g\ Carrier

Left
e A
Fig. 4 Schematic diagram of the TBM propulsion system

3 Propulsion Mechanism Model of TBM

For the convenience of analysis, the simulation
study was conducted using TBM with a cutter head
diameter of 2 meters. The parameters of the relevant
data given in the literature combined with the similar-
ity relationship are shown in Tab. 1.

Force name Unit Value
TBM Diameter m 2
Cutter head torque KN/m 160
propulsion KN 1500
Promotion step mm 730
The reaction force of the
gripper shoe hydraulic KN F1=3000
cylinder
The faction forge of Toraue kN Fie po-6o
Single-thrust hydraulic KN Fscosa€ [600~1000]

Cylinder Reaction

The range of angle changes
from beginning to end

o € [15°~25°]
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between the propulsion force provided by the thrust
hydraulic cylinder and the variation of the main beam
turning angle. Therefore, this work mainly studies the
propulsion in a horizontal state. The model is shown
in Fig. 5.

4 Analysis of TBM Propulsion Simulation
Results

4.1 Analysis of Simulation Results of Horizontal
Condition of TBM Propulsion Mechanism

Under the rated propulsion reaction force, the tun-
nel boring machine excavates in a horizontal state, and
the optimal propulsion force applied between the
thrust cylinders is determined through the motion
simulation of the mechanism. The simplified model of
horizontal propulsion is shown in Fig. 6.

Fig. 5 Schematic diagram of ADAMS simulation model for
TBM propulsion mechanism

In the process of tunnel excavation, there is usually
a method of advanced detection to predict the geolog-
ical situation in the direction of progress, but it cannot T a
avoid unpredictable situations. During tunnel excava- !
tion, the disturbance of surrounding soil becomes
A
Z

more severe due to the change of rock mass stress,
which causes the tunnel boring machine to deviate
from the designed trajectory during the excavation
process, affecting the excavation speed and reducing
its work efficiency [21-22]. To meet the needs of the
actual route forward, it is necessary to correct
the deviation from the trajectory [23-24].
Due to the swing of the main beam, the angle between
the left and right thrust hydraulic cylinder and the grip-
per shoe cylinder changes, and the cutter head will

Iy
9]

m

T

produce interference force. To find the relationship Fig. 6 Simplified model of propulsion in horigontal State
— displacement (mm) —a— left thrust cylinder force
——speed (mm/s) force (N)  ****Rightthrust cylinder force
——accelerated speed (mm/s?) oo on 600000+ P
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(a) Vartation diagram of displacement, velocity, (b) Vanation diagram of the angle between the gripper
and acceleration changes of the main beam shoe and the thrust cylinder and the propulsion force

Fig. 7V ariation diagram under rated propulsion

indexced on biip:/ | www.webofscience.com and btip:/ | www.scopus.com 414



June 2024, 1/0l. 24, No. 3

MANUFACTURING TECHNOLOGY

ISSN 1213-2489
e-ISSN 2787-9402

Combining with Fig. 7, we can see that the under-
rated propulsion reaction, the tunnel boring machine
moves in straight line conditions.

When the left and right thrust hydraulic cylinders
gradually provide propulsion, the angle first shows a
brief narrowing trend. At this point, there is a brief
process of overcoming the reaction force of the pro-
pulsion force, and then as the propulsion force gradu-
ally increases, the reaction force of the propulsion
force is overcome. The angle « is steadily changing and
increasing, and the entire tunnel boring machine exca-
vation tends to be stable, which is conducive to main-
taining the service life of the propulsion mechanism.
As can be seen from Fig. 5, when the thrust force is in
the range of 1500KN, the displacement of the propul-
sion is uniform, the speed runs smoothly, and the en-
tire TBM mechanism maintains stable progtress during
the propulsion process, achieving an ideal propulsion
state.

4.2 Analysis of Simulation Results after Turning

Direction

) 0<E
¢ xl - [l

xao 0
h h A o]

% A h
) m

& Q-2 -

Fig. 8 Simplified model for propulsion under the turning
condition

In the process of tunnel excavation, often when
excavating curve trajectory, the trajectory deviation is
caused by human operation or natural factors, so it is
correct the trajectory deviation.
The trajectory correction mainly realizes this basic
function by adjusting the swing of the main beam.
Taking point A; as the center, after adjusting the di-
rection of the main beam, it can be considered that it
first rotates to position Az, then advances in a straight
line, and then reaches position As. The schematic dia-
gram of attitude adjustment and propulsion is shown

necessary to

in Fig. 8. In this work, the simulation analysis of the
left direction adjustment of the main beam is carried
outat 0.5°,1° and 2 °, and the influence of the main
beam direction adjustment on each parameter
is studied.

When TBM is in the process of straight heading,
the magnitude of the left and right forces of F1 is
equal, then turn left adjustment to 0.5 °, 1 °, 2°, as
shown in Fig. 9, the force of the left gripper shoe is
465,437 and 391kn respectively, while the force of the
right gripper shoe is 528, 565 and 645kn, its force
shows a linear trend with the change of angle. There-
fore, when the main beam is adjusted to a certain de-
gree, the force acting on the left gripper shoe de-
creases with the increase of deflection angle, while the
force acting on the right gripper shoe increases with
the increase of deflection.

T T T T T T T

—— applied force of the left griooer shoe hydrauic cyfinder
applied force of the right gricoer shoe hydraulic cylinder|
—=— Deflection Angle of main beam

700

T
N

600

500 -

w004 A~

o
Deflection Angle of main beam (°)

300 L T T T T T T
0.0 0.1 0.2 03 0.4 0.5 06

Time (S)

applied force of gripper shoe hydraulic cylinder (KN)

Fig. 9 Diagram of the force acting on the left and right
gripper shoes after the main beanm turns left

When the propulsive force provided by the propul-
sive cylinder is 1500KN, the main beam is adjusted to
the left and then pushed back. The angle a between
the prop cylinder and the propulsive cylinder has a sig-
nificant change. When the main beam deflects 0.5 °,
1°,and 2 °, it can be seen that the angle changes are
different in the case of the three curves, The starting
angles of oy were 53.1°,55.9° and 57.2°respectively,
while the starting angles of right a1 were 64.7° 61.1%s
and 60.1°, respectively, and the angle change of the
same curve changes with the change of propulsion dis-
placement. Therefore, as the deflection angle of the
main beam increases, the starting left o angle in-
creases, while the right o angle decreases. But when
the main beam advances, its left and right-side angles
show an upward trend, as shown in Fig. 10.
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Fig. 10 a variation diagram under the deflection of the main beam

When the thrust hydraulic cylinder provides a
thrust of 1500KN After the main beam deflects 0.5 °,
1°,and 2 °, The variation of X direction force on three
different deflection angle curves with the same dis-
placement of TBM is shown in Fig. 11. It can be seen
that the starting force in the Y direction of the left
thrust hydraulic cylinder decreases with the increase of
the deflection angle, while the starting force in the Y
direction of the right thrust hydraulic cylinder in-
creases with the increase of the deflection angle.
The starting force in the X direction of the left thrust
hydraulic cylinder increases with the increase of the
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1280000 +
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1320000
1340000
1360000
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T T T T T T T

1400000 4

1420000 4

T T
-0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Time (S)

(a) Y-direction force component diagram of left thrust cylinder during excavation
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750000 4
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550000 4
T T T T T T T T T

500000

-0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Time (S)

(c) X-direction force component diagram of left thrust cylinder during excavation

deflection angle, while the starting force in the
X direction of the right thrust hydraulic cylinder de-
creases with the increase of the deflection angle.
However, the overall X, Y direction force varies with
the change of excavation displacement the magnitude
of the X-direction force tends to decrease, and the
force in Y direction tends to increase.

It can be seen from the above that when
the propulsion force of the mechanism is 1500KN,
the propulsion mechanism will run smoothly and the
efficiency of the propulsion mechanism will reach
the maximum.

1280000
1300000
1320000
1340000
1360000

1380000

1400000

1420000

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Time (S)

(b) Y-direction force component diagram of right thrust cylinder during excavation
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(d) X-direction force component diagram of right thrust cylinder during excavation

Fig. 11 XY-direction force component diagram of left and right thrust cylinder during excavation
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Extracting the propulsion force of each thrust hy-
draulic cylinder on the gripper shoe from Fig. 9
and 11, the figure shows the numerical value of the
maximum thrust force, to make a clearer comparison
of the forces exerted on the left and right gripper shoe,
draw the stacking diagram of the most powerful thrust
hydraulic cylinder in the driving process as shown in
Fig. 12. It can be seen that the combined force of the
gripper shoe on the surrounding rock fluctuates line-
arly, when turning the direction to the left by

The action of the leftgripper shoe on the surrounding rock

/
/

05° 10 20°

Deflection of main beam

mF3leftthrust cylinder Y  m F1 leftthrust cylinder Y

0.5°,1°,2°, the combined force on the left surrounding
rock gradually decreases with the increase of the angle
(1264KN>1255KN>1242KN), the right-side in-
creases with the increase of the angle
(1821KN<1871KN<1978KN). With the adjustment
of the main beam, there is a significant difference in
the force exerted by the left and right support shoes
on the surrounding rock, so it is necessary to pay at-
tention to the right surrounding rock when the TBM
turns left.

The action of the right gripper shoe on the surrounding rock

/"
2000 (
1800
1600
1400
1200
800
600
400 ~
m |/ /
0s* 10° 20°

Resultant force F

Deflection of main beam

mF3rightthrus cyinderY  mFlright thrus cylinder Y

Fig. 12 The force of the gripper shoe on the left and right surrounding rocks

Although there are advanced testing and explora-
tion techniques to predict the geological conditions of
tunneling construction, there are still some unex-
pected situations. For example, the arch and side walls
of the tunnel collapse due to uneven stress, and the
disturbance that affects the stratum under harsh un-
derground conditions increases the safety hazards [25-
26]. Grasping the relationship between the forces act-
ing on the gripper shoe tunneling system is the key to
the successful completion of the established construc-
tion tasks.

5 Conclusion

In order to study the dynamic propulsion process
of TBM, the mechanical model of TBM propulsion
system is established in this paper, and the dynamic
analysis of TBM excavation propulsion is carried out
by ADAMS, and the force relationship between the
thrust hydraulic cylinder and the gripper shoe cylinder
is deeply simulated and analyzed under the two condi-
tions of straight line and steering.as well as variation
law between the corresponding propulsive force and
tight force under three different steering angles. The
conclusions are as follows.

*  Under the rated hydraulic cylinder propulsion
force (1500KN), when the TBM is horizon-
tally adjusted to the left at 0.5°,1 °, and 2 °,

the tightening force of the left gripper shoe

F10 (528 KIN < 565 KN < 645 KN) decreases
with the increase of deflection angle, the
tightening force of the right gripper shoe F11
(465KIN>437KN>391KN) increases with
the increase of deflection angle. The starting
left «2 angle increases, while the right a1 angle
decreases as the deflection angle of the main
beam increases. Both the left and right angle
« between the thrust cylinders and gripper
shoe cylinders are increasing in the process of
tunneling.

*  The main beam is adjusted to the left by 0.5°,
1° and 2° respectively under the condition
that the gripper shoe hydraulic cylinder re-
mains horizontal and the rated hydraulic cyl-
inder thrust (1500kn). The propulsion force
in the X direction of the thrust hydraulic cyl-
inder adjusted to the left direction is larger
than that in a straight direction. When the de-
flection angle increases, the propulsive force
F3x in the X direction of the left propulsive
hydraulic cylinder increases with the increase
of the deflection angle, whereas the propul-
sive force F3x in the right propulsive hydrau-

lic cylinder decreases with the increase
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of the deflection angle. The Y-direction start-
ing force F3y of the left thrust hydraulic cyl-
inder decreases with the increase of the de-
flection angle, while the Y-direction starting
force F3y of the right thrust hydraulic cylinder
increases with the increase of the deflection

angle.

* Under rated hydraulic cylinder propulsion
(1500KN), when the TBM is adjusted to the
left by 0.5 °, 1°and 2 °, the difference of re-
sultant force between the left and right grip-
per shoe is significant. The resultant force of
the left gripper shoe decreases with increasing
angle (1204 KN, 1255 KN,
1242 KN), while the resultant force of the
right gripper shoe increases with increasing
angle (1821 KN > 1871 KN > 1978 KN).
The force on the left gripper shoe is less than
that on the horizontal condition, and the
force on the other side is greater than that on
the horizontal condition.

Based on the above analysis, future studies can
combine the influence of TBM drive system and other
factors on the propulsion system, and further optimize
the propulsion parameters through actual experi-
mental data. Through the specific propulsion parame-
ters, it is helpful to study the optimal matching rela-
tionship between mechanical model and excavation
parameters in the process of TBM propulsion, so as
to improve the excavation efficiency and stability of
TBM, reduce energy consumption and production

costs, and improve the economic benefits of industrial
production [27].
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