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Abstract Extreme vibration often occurs on TBM main system during the tunneling
process. This paper established the mathematical model for TBM main system considering the
impact load, time-varying internal incentive and the complex coupling relationship between
each vibration degree of freedom. The dynamic model was modified by the multi-point vibration
measured data. The calculation error of the system response of the main support frame’s main
vibration direction was within 10 %. And it was found that the overturning vibration and axial
vibration of the system were the main forms of vibration of the system. It was determined that
the low-frequency vibration of 15-20 Hz was a coupled vibration of system’s first to fourth mode
vibration mode. Based on the vibration characteristics of TBM main system, this paper
designed a tuned mass vibration absorption structure (TMVAS) that can adapt to the multi
degree of freedom (MDOF) coupling vibration of TBM main system during the actual tunneling
process. To minimize system vibration, the optimal design parameters of the system was
determined. The maximum amplitude of the axial and horizontal overturning vibration of the
support frame was reduced by 26.7 % and 13 %, and the maximum amplitude of the
cutterhead’s axial vibration was reduced by 23.2 %.

1. Introduction

The hard rock tunneling boring machine (TBM) is a large-scale complex equipment with tun-
neling, drainage, support and other functions. The TBM main drive system is the core compo-
nent of the TBM. Its key components include main bearings, drive gear, motors and reducers.
At the same time, a large number of hydraulic lines and control components are installed inside
the main drive system. In the actual excavation process, the front end of the cutter head will
encounter high-hardness rock. Due to the way the cutter breaks the rock, the TBM main drive
system will be subjected to strong impact loads, resulting in extremely severe vibration of the
machine. This directly affects the stability, life and tunneling performance of the TBM. In severe
cases, it will cause serious engineering problems in the key components of the TBM system.

The basis of TBM vibration reduction design is to study the dynamic characteristics of the
TBM main system. Meanwhile the basis of the research on the dynamic characteristics of the
system is the study of the external load. The cutter rock breaking experiment is one of the most
effective methods to accurately obtain the dynamic rock breaking load of the cutter under dif-
ferent excavation conditions. Scholars of Colorado School of Mines [1] established a cutter load
prediction model based on cutter rock breaking test, this model was widely used at present.
Entacher [2] designed a high-precision cutter rock-breaking scale test bench, obtained the time-
domain load curve of the cutter under different surrounding rock, and proposed the correspond-
ing prediction model of the cutter force. Xia [3, 4] established a multi-cutter rotary cutting test
bench, and carried out the combined rock breaking experiment of the cutter group, and ob-
tained the rock breaking load of the cutter in different positions of cutterhead under the experi-
mental conditions. Entacher et al. [5, 6] placed the strain gauge system near the cutter-shaft at
different positions on the cutter head based on the Koralm tunnel, so as to obtain the actual
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load of the cutter at different positions of the cutterhead. The
cutter load increased with the diameter of the cutterhead.
This conclusion provided a basis for synthesizing the cutter-
head load. Some scholars [7-10] described the constitutive
relationship of rock based on experiments, and simulated the
process of cutter-rock breaking progress based on finite ele-
ment method, and obtained the dynamic three-dimensional
load. This numerical simulation method can be used to calcu-
late the rock breaking load of cutter under different cutting
conditions such as installation angle and penetration. For the
dynamic characteristics of the main system, at present, most
scholars analyzed the dynamic characteristics of the system
based on the dynamics model of TBM system. Based on the
study of dynamic characteristics, the design parameters and
the excavation parameters were redesigned to improve anti-
vibration ability of the main system, thereby reducing the
vibration of the TBM system. Sun et al. [11] considered the
multi- drive source of the cutterhead system, established the
multi degree of freedom coupling dynamic model of the sys-
tem, and analyzed the dynamic characteristics of the cutter-
head system. Based on this model, Wei et al. [12] considered
the drive system's reducer to improve the model’s accuracy,
and the centralized mass method and the finite element
method were combined to model the system. Based on this
model, the dynamic characteristics of the drive system were
further studied and analyzed. Huo et al. [13, 14] conducted
field tests to test the vibration at the front end of the TBM
main system. The main drive system dynamics model was
modified based on field measured data. Based on the dy-
namic model, the mass of cutter head center block, the gear
shaft length and other design parameters were designed for
vibration resistance. Zou et al. [15] established the dynamic
model for TBM support propulsion system considering the
translational freedom of the system. Based on the field engi-
neering, the vibration of the main beam was measured and
compared with the theoretical calculation. The vibration en-
ergy of the system under different penetration and rock types
was studied. Chen et al. [16, 17] presented a dynamic model
for TBM gripping thrusting system considering surrounding
rock boundary condition and configuration-dependent rigidi-
ties of the actuators, the vibration energy distribution was
predicted and the vibration condition of the system under
various typical working conditions was analyzed. In short, for
the study of TBM vibration control, most scholars studied the
vibration characteristics and vibration transmission laws of
the system based on the dynamic model. Based on this, the
key support parts of the system were determined, and the
vibration reduction design was carried out by increasing the
support stiffness at these parts. But in the actual manufactur-
ing process, the effective support stiffness of key parts of the
system will not been effectively increased by increasing the
size of the support structure. This design not only failed to
effectively reduce vibration, but also significantly reduced the
tunneling efficiency of the machine. On the other hand,
scholars used active vibration control to reduce the problem

of extreme vibration encountered during actual tunneling.
Vogiatzis et al. [18] installed a vibration real-time monitoring
system on the machine based on the actual tunneling project,
and actively adjusted the tunneling rate when the vibration
level was too large. Buckley [19] installed a series of vibration
sensors near the cutterhead of TBM to monitor the vibration
level of the system during the actual tunneling process. The
vibration signal based on real-time feedback adjusts the op-
erating parameters of the machine to ensure the safety of the
system through the tunnel fracture zone. However, this
method of controlling the tunneling parameters with the actual
vibration signal as the feedback signal means significantly the
tunneling efficiency decrease. For low-frequency and high-
amplitude vibration, tuned mass damper (TMD) has a good
vibration reduction effect, so it has been widely used in the
vibration reduction of high-rigidity systems such as bridges,
high buildings and ocean platform [20-23]. A large number of
studies have found that a well-designed TMD system can
achieve a vibration absorption effect of about 30 %, which
can significantly reduce the vibration level of the structure
[24]. However, for large system, the TMD system requires a
large mass object to absorb system vibration. At the same
time, the traditional TMD system often targets the single-
direction vibration of the system. When the system is in a
state of multi degree of freedom coupled vibration, the damp-
ing effect of the traditional TMD system is poor.

This paper aims to apply tuned mass damping theory to the
TBM main system, and a vibration conduction structure
adapted to the multi-degree-of-freedom coupled vibration of the
main system during the actual tunneling process is designed.
Based on the structure of the vibration absorption system, the
dynamic model is established. The calculation results of the
theoretical model are modified and verified based on the field
vibration test and the cutter rock breaking experiment. The
main vibration frequency band of the main structure is deter-
mined. The main parameters of the vibration absorption system
are designed based on dynamic characteristics analysis. The
vibration absorption mechanism of the vibration absorption
system is studied. For instance, Eq. (1) is used to calculate a
response surface as follows.

2. Methods and materials

2.1 The structure of TBM-tuned mass vibration
absorption system

The TBM main system consists of a cutterhead main drive
system and a propulsion system. Cutterhead main drive sys-
tem is driven by multiple motors synchronously to provide
rotary motion for the cutterhead, the propulsion system pro-
vide axial motion by the main propulsion cylinder, breaking
rocks under the coordination of two movements. The support
frame was surrounded by side shields, left-top shield, right-
top shield and top shield. The structure and working principle
of the shield system were shown in Fig. 1. During the actual
excavation process, each shield was supported by the shield
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Fig. 1. Main structure of TBM and vibration absorption system.

cylinder against the surrounding rock to provide the radial
support for the TBM main system. The shield cylinder was
elongated to increase the diameter of the circle formed by the
shield to accommodate changes in the diameter of the sur-
rounding rock, as shown in the right half of Fig. 1. The left-top
and right-top shields move with the movement of the lateral
shield and the top shield to maintain the integrity of the shield
system, it did not support the surrounding rock. Therefore,
the left-top and right-top shields were considered as the mass
of the vibration absorption system, and the structure of tuned
mass vibration absorption system for TBM main driving sys-
tem was designed as shown in the Fig. 1. The system set a
horizontal cylinder to adjust the horizontal distance of the left-
top and right-top shields to accommodate the opening degree

of the shield system. The system used the structure in the Fig.

1 to transmit the axial and overturning vibrations of the sys-
tem to the horizontal and axial vibration of the transfer block.
There was a horizontal wedge connection between the force
transfer block and the horizontal block, so that only the axial
vibration of the transfer block was transmitted to the horizon-
tal block right-top shield and left-top shield. The upper left
and upper right shields were axially reciprocating vibration
under the influence of two sets of spring damping systems
with the movement of the horizontal block. By adjusting the
natural frequency of the vibration absorption system, the sys-
tem absorbed the vibration energy of TBM main system to
the greatest extent.

It can be seen from Fig. 2(a) that in the case of axial vibra-
tion, the horizontal blocks on the left and right sides exhibited
axial vibration in the same direction with the vibration of the
system, thereby driving the left-top and right-top shields to

(b) Horizontal overturning vibration

t'

(@) Axial vibration

Spring-Damper
X . Horizontal cylinder
Left-top shield

Fig. 2. Vibration coordination relationship of vibration absorption system.

reciprocate axially in the same direction. It can be seen from
Fig. 2(b) that in the case of horizontal overturning vibration, the
left and right horizontal blocks vibrated in the opposite direction
with the vibration of the system, thereby driving the left-top and
right-top shields to reciprocate in the opposite direction.
Through the above structural relationship, the system realized
the coordination of the axial vibration and the the overturning
vibration of the system.

2.2 The dynamic model for TBM main system
and TMVAS

(1) The dynamic model for TBM main system

Based on the multi-source driving mode, support mode and
structural form of the TBM main system, the multi-degree-of-
freedom coupling dynamics model of the TBM main system
was established as shown in Fig. 3. The system's axial, vertical,
horizontal translational freedom, horizontal, vertical overturning
freedom and torsional freedom were considered in the dynamic
model.

According to the dynamic model, the dynamic equations of
each component were obtained as follows:

For cutterhead:

. N . .
mX, +Y (F,,+D,)sin@+a)+C, (X, - X,) +k, (X, - X,) = F,
=]

N
m¥ =Y(F, +D, eos(g +a)+C, (Y, -Y)+k, (Y -Y)=F,
i=l

eqr

4
mz, =F,— Z[km/, (2 =2) +Coni (G = 2,)]
=]
1.0, =M +alk,,(z,—z,)+C,u(Z, —Z,)
- kardx (er - st) ~Coa3 (2,3 - 243 )]
1.0, =M +alk,,(z.,—2,)+Cpuu(Cy —Z.)

~Kin (210 = 21) =€ (2, = 2,0)]

. N
[rer _z(lim‘ +Dpri)rbr' Z_TL'
o1

For pinion:
m,X,+(F, +D,)cosa+C,,0b,.+k,5,,=0
m Y, +(F, +D, )sina+C, 0, +k,6, =0
1,0,+C,,0.-0)+k, ,0,-0)=T,
1,6, +(F, +D,)r, +C,,(0,-0)+k, .0, -0.)=0.
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Fig. 3. Dynamic model for TBM main system and TMVAS.

For support frame:
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Q)

F. F,, F, was the horizontal, vertical and axial equivalent
loads of the cutterhead; T, was the output torque of the i-th
motor; T, was the equivalent total torque of the cutterhead;
M,,M, was the horizontal and vertical load of the cutterhead. X,
Y, Z, 6, 6, 6, represented the horizontal displacement, verti-
cal displacement, axial displacement, torsional displacement,
horizontal overturning displacement and vertical overturning
displacement of the j component. m, / indicated the equivalent
mass and moment of inertia of each component.j=r, d, I}, b, c,
pi, mi represented the cutterhead, the main drive support frame,
the front section of the main beam, the middle section of the
main beam, the saddle frame, the i-th drive gear and the i-th
drive motor. The stiffness and damping of each key part of the
dynamic model were shown in Table 1.

Intermediate variables Z; (i = 1-4) was the axial displacement
of the lower, left, upper, and right positions of the cutterhead;
Zg (i = 1-4) was the axial displacement of the lower, left, upper,
and right positions of the support frame; Z; (i = 1-4) was the
axial displacement of the lower, left, upper, and right positions
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Table 1. Stiffness and damping in dynamic model.

Kegr Main bearing radial stiffness

Kegp Radial supporting stiffness of the pinion

K Support stiffness of the shield body and the sur-
eqd

rounding rock

Kac1/Caai (i = 1-4)

Axial stiffness/damping of the cutterhead system
and the front section of the main beam

Horizontal stiffness/damping of the cutterhead sys-

Ko/ Cra tem and the front section of the main beam
Keyt/Coyt Stiffness/damping of left thrust cylinder
Kheyt/Choyt Stiffness/damping of left gripper cylinder
Kir Torsional stiffness of the cutterhead flange
Kmp@ Torsional stiffness of the gear-connecting shaft
ot Time-varying meshing stiffness of pinion and gear

ring

Axial stiffness/damping of the front section of the
main beam and the middle section of the main
beam

Keitia/Carti (i = 1-4)

Horizontal stiffness/damping of the front section of

Kei11/Chiniz the main beam and the middle section of the main
beam

Keyo/Cop2 Stiffness/damping of right thrust cylinder

Kheyo/Choy2 Stiffness/damping of right gripper cylinder

of the front section of main beam; these intermediate variables
can be calculated by Eq. (2).

9

(e

z,=2-a0, (z,=2,-a,0, |20 =21~ 4,0,

z,=z +a0

rry

Zp=2,t alquy Zp =zt a[qelly

)

Z,=2+ argrx Z43 = 24 +a/104x— Zns =2 a0,

z,=2-a0,\2,=2,-9,.0, |z,

=z - alqglly

where a, was the axial roller radius of the bearing; ay was half
the length of the flange between the support frame and the
front section of the main beam; a, was half the width of the
flange between the support frame and the front section of the
main beam.

Intermediate variables x,; was the relative deformation be-
tween the large ring gear and the pinion, calculated by project-
ing the displacement of the pinion and the large ring gear along
the meshing line, as shown in Eq. (3):

x,,=n,0,

-1,0 +Y, sina+ X cosa+ X, sin(a+¢,)—e,(?)

(3)
p=ate, ()

where u,, u, was the relative displacement of the ring gear and
pinion along the meshing line; X, Y, Xy, Y, was the horizontal
and vertical displacement of the large ring gear and the pinion;
a, ¢; was the meshing angle and the phase angle of each pin-
ion; ry was the radius of the large ring; r,, was the pinion base
circle radius. Considering the relative deformation relationship

and the gear clearance, the time-varying meshing force F; of
the gear and the time-varying meshing damping force D,; of
the gear can be calculated by the method of Refs. [11, 13].
Intermediate variables X1, X1 Was the relative deforma-
tion of the front section of the main beam and the supporting
cylinder, calculated by Eq. (5):
Xt = X, cos ﬂl 2y Sinﬂl + anmem (5)
Xy = A cosﬂl +z, Sinﬂ] + allmgllx‘

where 8; was the support angle of the main propulsion cylinder,
and ay,, was the projection distance from the centroid of the
front section of the main beam to the support cylinder along the
support direction.

Intermediate variables 8pqy, Opayis Ocpxis Oayi WaS the relative
horizontal and vertical displacement of the i-th pinion and the
support frame, &yqy, Oy Was obtained by the projection of the
pinion in the coordinate system of the support frame; &ypi, Oy
was obtained by the projection of the support frame in the pin-
ion’s coordinate system.

Opps = Xy + Y, 0080, + X sing, [6,,, =Y, +Y,sing, — X, cosg,
o, o, Y +7Y,sing + X, cosg,

dpxi doyi = Lpi

=X, —Y,cosp, + X, sing,

6)

where X,,Y, was horizontal and vertical displacement of the
support frame.

Intermediate variables &y, Ope; Was the horizontal and verti-
cal relative displacements of the middle section of the main
beam and the saddle, the displacement of the middle section of
the main beam and the saddle were respectively projected to
the anti-torsion cylinder, as shown in the Eq. (7).

{é‘tm =X, cos B, +Y,sin f, = X cos f, (7)

0py =—X,, €08 3, +Y,,sin f, + X _cos f3,

where Xp, Yp,X;, Y. was the horizontal and vertical displacement
of the middle section of the main beam and the saddle frame,
B; was the anti-torsion cylinder support angle.

(2) The dynamic model for TBM-TMVAS

Due to the presence of the horizontal block in the TMVAS,
the horizontal displacement of the transfer block cannot be
transmitted to the left-top and right-top shields. At the same
time, the axial and overturning vibration of the support frame
was determined by the analysis in Sec. 3.4 as its main vibra-
tion form. Therefore, in the TBM-TMVAS dynamics model, the
axial DOF and overturning DOF of the support frame, the axial
DOF of the left-top and right-top shields were considered.

1 , 1. 1 ) 1 1
K, =—mz +7[,0,i K,= 7””(12'421 + 71115.12\ K, = 7mulz'51 K, = 7’11117‘2'31'
2 2 2 2 2 2

K=K +K,+K,+K,
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Fig. 4. Translational displacement relationship of the transfer block.

1 , 1
P,a = Ekawﬂ(zr!(zr =9u )— Zm(zuvgm ))M + Ekuufl(zrl(zl ’911) - zul(zdsgm ))Z

1 1 2
B, = Ekurllﬂ(zd}(zd 20, )’ + Ekudlll(z(ll (2456,))°

1 , 1
P = Ekm (z,(z,60,)-z,) + Eku[(z:[(zd’gdx) _Zul)z

P=P,+P, +P . (8)

Based on the Lagrange dynamics method, the local dynamic
equations of the TMVAS were shown in the equation. The
overturning vibration and axial vibration equation of the support
frame in Eq. (1) were replaced by following equation, and the
vibration equations of the left-top and right-top shields were
added to Eq. (9), and the overall dynamic equations of the
TMVAS are obtained.

mz +(k

16 +(k

rorx ard3

+k, )Nz, —z,)=F,

bk, 170, — (ks + k)70, =M,

myz, + (kg + k)2, —2)+ (ks + Kon) 24
+k,(z,-z,)+k,(z,—2,)=0

181+ Ry + )70 = (K + K 17,0, )
+ (ks )20, + Pk, (2, —2,)

+Pk,(x,—2,)=0

adll3 m 1" ur
m,zZ, +k,(z,—2,)=0

urur ur \“ur

ard3

m,z, + kul(Zul - xxl) =0

where K; represented the kinetic energy of the i component and
P; represented the elastic potential energy of the i component.
Xa Za, Xan Zy Were the horizontal and axial displacement of
transfer block on left and right side, they were functions of z,
and 6. The functional relationship was obtained by mecha-
nism motion analysis of the TMVAS'’s structure. The motion
relationship of the TMVAS was mainly the motion relationship
between the support frame and the transfer block. Assume that
the horizontal overturning displacement of the support frame
was 0, and the horizontal and vertical translational displace-
ment of the transfer block was as shown in the Fig. 4.

When 6y, < 0,¢2,¢4 satisfied the following Eq. (10):

Ou
Ou

)+1,sin(g,, +
O,

Ou

)=1,cos(p, +

)+ 1, cos(|

Ou
Ou

):ld
)

lz Sin«”zt -

(10)
L, cos(g,, —

) + £, sin(|

where /; was the distance from the first hinge to the center of
mass of the support frame, b, I, was the length of the connect-
ing rod, /; was the distance between the two hinges of the
transfer block. The angle between the two connecting rods on
the right and the horizontal line ¢,,, @4, were as follows:

Gy =Py Py =Py, - (1 1)

The horizontal overturning vibration of the support frame was
converted into the horizontal and axial displacement of the

transfer block by the link structure. The corresponding dis-
placement x, Zy, X, Z, Was calculated by following Eq. (12):

x, =1 cos(p,)+1, cos(goz,io,,.w) -[ cos(qoq —16,.) + 1, cos(p,)]

z, =1 sin(p,) -/ sin(p, —|0, ‘) -1 sin((/)w”y”’) = sin(p, )]+ z,
0,.)+1,cos(p, ) —[] cos(p,)+1, cos(goz,,iw.,gm )]
z, =1, sin(p,, ) —Isin(p, +|0,) [/, sin(p, | )—/sin(@,)]+z, .

x, =1 cos(p, +

(12)
When 6, >0, ¢,,, ¢4, satisfied the following Eq. (13):
L sin(p,, —|6,|)+,sin(p,, +|6,|)+Lcos(|6, ) =1, (13)
1, cos(p,, —|0,)+1,sin(|6, |) =1, cos(e,, +6,]) .

The angle between the two connecting rods on the left and
the horizontal line ¢,;, ¢, were as follows:

Py =Py Py =Py, - (14)

Horizontal and axial displacement of the left and right trans-
fer block Xy, Zy, X, Zx, Were calculated by Eq. (15):

x, =+l cos(p,)—1,cos(g,, ,..)HI cos(p, —|6,]) +1,cos(p,)]

z, =l sin(p,) -1 sin(p, |0, -, sin(p, | )—4sin(p,)]+z,

x, =-I, cos(p, + ‘GLA ‘) —1, cos(¢,)) !, cos(p,) + l cos((pz,iurigm )]

z, =1L sin(g,) - sin(g, +|0, )~ [} sin(p, -1 sin(p,)]+z, .
(19)

The dynamic differential equations of the above TBM system
and TMVAS were combined and expressed in matrix form,
which can be expressed as follows:

MX+CX+KX=F (16)

where M was the system mass matrix; C and K were the
damping matrix and stiffness matrix, respectively; F was the
external excitation force vector; X was the displacement vector.
The dynamic response of the system was calculated by using
the above dynamic model, and the dynamic model was solved
by Newmark-8 method [25, 26].
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2.3 Calculation method of equivalent load of
cutter head

The cutter group breaking rock load was combined on the
cutterhead face to form the equivalent load of the cutterhead,
which was the external excitation of the TBM to cause extreme
vibration. Wherein, the lateral force of the cutter and the rolling
force synthesized the radial unbalanced load of the cutterhead,
which caused radial vibration of the TBM system; the vertical
force of the cutter formed the axial load of the cutter head; the
vertical force of the cutter on the respective pole diameters
formed TBM overturning moment, which caused the TBM's
overturning vibration. The rolling force of the cutter on the re-
spective pole diameters formed torque load of TBM which
caused the torsional vibration. The three-direction load data
segments of each cutter were randomly intercepted during the
process of synthesizing the cutterhead load to simulate the
random rock breaking process of different cutters. At the same
time, the three-direction force was modified according to the
Refs. [27, 28] to simulate the variation of the three-direction
load of different cutters at different polar diameters. Finally, the
time-varying characteristics of the cutter phase angle at each
position was considered to meet the requirements of the cut-
terhead rotation characteristics. The equivalent axial force F,
radial unbalance force Fy, Fy, overturning moment My, My and

torque T, of the cutterhead were calculated according to the Eq.

7).

n P
F,= ZRand(E\,‘.)n‘. + Z(Rand(FN]) + Rand (F;)sin §,)
i=1 Jj=1
F, =Y Rand(F,)cos(wt + 0) 1, + Y Rand(F,,)sin(et + )&,
i=1 i=1

P P
+ ZRand(Ej)sin(a)t +60)+ ZRand(Ii,)cos(,Bj)cos(wt +6)

F= j=1

F, = Z}:Rand(in)sin(a)t +6)u + Z:Rand(Fﬂ.)cos(a)t +6)¢

)4 A
+Y " Rand(F,)cos(wt +0,)+ Y. Rand(F,)cos(B,)sin(at +0,)

= J=

M, = Rand(F,,)p,cos(t +6)n,
i=l
»
+ Z(Rand(F,\,/.) + Rand (F;)sin ,)p, cos(wt + 0,)
J=l
M, =3 Rand(F,)p,sin(et +6)n,
i=1

V4
+ Z(Rand(FN/) + Rand(F)sin f,)p, sin(wt +6,)

F=]

T, = iRand(E.,)P,ff, + iRand(Fr])pj. (17)

The subscript i was the iy, center cutter and inner cutter, and
the subscript j indicated the ji, cutter side cutter. Fy, Fs and F,
represented the vertical, lateral and rolling force of cutter; 6
represented the polar angle of the cutter; p represented the
diameter of the cutter; B indicated the installing angle of the
cutter; Rand represented random data segments from a spe-

Fig. 5. Schematic diagram of soft-hard rock intersecting face.

cific load spectrum; w was the rotational angular velocity of the
cutter head; t was the simulation time; n;, ¢, u; was the correc-
tion coefficient of the vertical force, lateral force and rolling
force of the i-th cutter in the direction of the polar diameter [6].

For continuous tunneling conditions, the surrounding rock
conditions are often complex and uncertain, and it is difficult to
accurately describe the complete tunnel rock conditions with a
certain function. In the actual tunneling process, in addition to
uniform geological conditions with different rock resistance, the
surrounding rock types mainly include composite geological
conditions with different rock proportions. When the surround-
ing rock condition is complex surrounding rock, the cutter load
of the cutter head needs to be changed according to different
rock areas. It is assumed that the complex surrounding rock
area is shown as Fig. 5. There are two types of rocks on the
turning face, A and B. When the kth cutter is in the tunneling
face area of rock A during the rotation of the cutter head, the
rock breaking load of the cutter changes to the corresponding a
rock breaking load. During calculation, assuming that the total
thrust of the TBM tunneling remains unchanged, the equivalent
axial force Fz.g Of the cutter head in the case of complex geol-
ogy satisfies the Eq. (18).

Fouw=F3= zRand(F,w)MM +
i1

i (18)
Y (Rand(F,)u, + Rand(F,)p,sin )

J=1

where y; and j is cutter's additional load factor under type B
rock.

Therefore, in the process of synthesizing the cutter head’s
equivalent load, it is necessary to determine which rock area
each cutter is at in real time. The three-way load of the i-th
cutter is shown in Eq. (19):

Foo F._, peos(wt+6,) <!

“\F,.,  peos(at+6)>1
F, cos(wt +6) <!

P LT (0t +6) (19)
F,, pcos(awt+6,)>1

oo Fo p,cos(at +6) <1
Yo\F.,  pcos(at+6)>1
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Fig. 6. Rock breaking experiment.

where Fy:s, Fs5 and F,s represent the dynamic normal force,
side force and rolling force between the i-th cutter and the B
type rock respectively; Fyia Fsia and F, represent the dy-
namic normal force, side force and rolling force between the i-
th cutter and the A type rock respectively; / is the horizontal
distance from the interface of a rock to the cutter head'’s center.

2.4 Cutter-rock breaking test method

The cutter-rock breaking experiment was based on the recip-
rocating TBM cutter linear cutting test bench in Central South
University, as shown in Fig. 6(a). The test bench had a size of
5m x3.2m x 3.5 m and a bearing capacity of 60 t, which can
be used for cutter straight cutting experiments. The size of the
rock sample was 1000 mm x 500 mm x 300 mm. A three-
direction force sensor was placed on the cutter shaft to test the
three-direction load generated during the rock breaking proc-
ess, as shown in Fig. 6(b). Therefore, the load of the inner hob
was obtained through experiments, and the rock-breaking load
spectrum of the side cutter was simulated by LYS-DYNA, ac-
cording to the Refs. [27, 28].

2.5 Field vibration test method

In order to modify the dynamic model, verify the accuracy of
the dynamic response of the system, and determine the vibra-
tion frequency band of the main structure, based on a water
diversion project, the vibration of the TBM support frame, main
beam and the gripper cylinder were measured which was
shown in the Fig. 7. The acceleration sensor was capable of
testing the three-way vibration data at the test point, and the
sampling frequency was 1000 Hz. During the field test, the
compressive strength of the rock was 80-120 MPa, the speed
of the cutterhead was about 5-6 rpm, and the penetration de-
gree was 5-6 mm, so as to ensure the rock characteristics and
rock breaking condition were consistent with the rock breaking
experiment.

Table 2. Statistics of TBM actual tunneling parameter.

Tunneling parameter Value Tunneling parameter Value
Advance force (kN) | 1.3608e4 | '°P Cy"”(f):‘rr)press“re 84.4706
Torque (kN.m) 260833 | Advanceoylinder | 4q6g
pressure (bar)
Shield Cy'g‘;f)r PreSSUr®| 93,0654 | Wedge cylinder (bar) | 78.6993
Torque cylinder pressure 95.6144 Gripper cylinder 257 8366
(bar) pressure (bar)
Rotate speed of 56 Cutterhead 5
cutterhead (Rpm) ' penetration (mm)

Test Signal
Receiving Point

(d) Tunneling parameters (e) Receiver

Fig. 7. Acceleration field test.

3. Results and discussion
3.1 Main parameters of the dynamic model

In order to ensure the accuracy of the calculation, the main
parameters of the dynamic model are calculated by using the
TBM actual excavation parameters corresponding to the vibra-
tion measurement process of a water diversion project. During
the excavation process, the TBM torque and the pressure of
each major support cylinder of the system are shown in the Fig.
8. The main statistical values are shown in the Table 2.

According to the hydraulic cylinder pressure parameters in
the Table 2, the equivalent stiffness of each support cylinder
was calculated according to the Egs. (17) and (18). The results
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Table 3. Main equivalent stiffness in dynamic model.

Stiffness Value Stiffness Value
Koy / Koy2 (N/M) 4.5e8 Knoyt / Kneyz (N/m) 1.2e9
Keqat (N/m) 3.05e8 Kyt  Kuey2 (N/m) 1.5e8
Keqac (N/m) 3.55e8
(a) (b)
E 2000? 5 ;_\'
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Fig. 8. TBM actual tunneling parameters.

are shown in Table 3.

3.2 Calculation of system equivalent external
load

(1) The load on cutters

The equivalent load of the cutterhead is synthesized by the
rock breaking load of each cutter. In the calculation process of
the cutterhead load, the load of inner cutters were obtained
from the cutter-rock breaking experiment, and the load of side
cutters were calculated by numerical simulation. The gneiss
with rock compressive strength of 60-70 Mpa, granite with rock
compressive strength of about 95-100 MPa and 120-130 Mpa
were selected as the rock sample. The penetration degree of
the cutter in the experiment was 5.39 mm, and the penetration
of the excavation parameters was 5 mm. The experiment
tested the dynamic three-direction load of the cutter during rock
breaking process by the sensor installed in the cutter shaft. The
sampling frequency of the experiment process was 225 Hz.
The three-dimensional measured loads of the cutter under
three rock resistance are shown in Figs. 9(a), (d) and (g), re-
spectively. The frequency domain analysis of the cutter load
spectrum is performed. The rolling force frequency domain of
the cutter under different rock resistance are shown in Figs.
9(b), (e) and (h), and the frequency domain diagrams of the
normal and side forces of the cutter are shown in Figs. 9(c), (f)
and (i).

It can be seen that as the resistance of the rock increases,
the fluctuations of the normal force, rolling force and side force
of the cutter increase significantly. It can be seen from the fre-
quency domain analysis of the dynamic load of the cutter under
various rock resistance that the frequency domain characteris-
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Fig. 9. Time domain and frequency domain signal of cutter load.

tics are relatively close. The frequency domain of the rolling
force is focus in 0-5 Hz, and the frequency response of the
normal and side force is not only focus on low-frequency com-
position below 5 Hz, it also exhibits a wide-band composition in
the frequency domain of 100 Hz. At the same time, when the
rock resistance is low, it shows a more uniform characteristic in
its wide frequency band, and when the rock resistance in-
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Fig. 10. The external excitation load of cutterhead.

creases, its frequency response shows a higher peak at 15 Hz,
25 Hz, 40 Hz, 50 Hz, etc. As the rock resistance increases, this
peak value becomes more significant, but the overall frequency
response still maintains a significant broadband characteristic.
According to the synthetic law of the cutter head load, the
equivalent torque of the cutter head is mainly superimposed by
the rolling force of the cutter, while the axial force, overturning
moment and radial unbalanced force are superimposed by the
cutter's normal force and side force. The main vibration forms
of the TBM main system are axial vibration and overturning
vibration, which are caused by the overturning moment and
axial force. Therefore, according to the above analysis, the
overturning moment and the axial force of the system under
different rock resistance both exhibit wide-band frequency re-
sponse characteristics within 100 Hz.

(2) Equivalent load on cutterhead

After obtaining the three-direction force of the cutters which
was close to the rock breaking condition in real tunneling pro-
gress, take the rock with 100 MPa compressive strength as an
example, the equivalent load of the cutterhead was calculated
according to the calculation method in Sec. 2.4, and the exter-
nal excitation load of the cutterhead is as shown in the Fig. 10.

3.3 System modal analysis

TMVAS can mainly reduce the horizontal overturning vibra-
tion and axial vibration of the system. In order to explore the
vibration mechanism of the system's overturning vibration and
axial vibration, the system was modally analyzed. The first 6
modes of the system and the corresponding mode of vibration
were shown in the Table 4.

From the Table 4, it can be seen that the first-order mode of
vibration was the vertical translational vibration of the system,
which indicated that the vertical equivalent stiffness of the TBM

Table 4. The first 6 natural frequency of the cutterhead system.

Natural frequency /Hz Vibration form
w1=15.3 Translational vibration mode (vertical direction)
w2 =166 Overturning vibration mode (vertical direction)
' Translational vibration mode (axial direction)
w3=174 Translational vibration mode (horizontal direction)
_ Overturning vibration mode (horizontal direction)
w4 =182 ; - e
Translational vibration mode (axial direction)
w5=29.2 Translational vibration mode (vertical direction)
w6 =39.0 Translational vibration mode (axial direction)

main system was the smallest. The second-order mode of
vibration was a coupled vibration of the vertical overturning
vibration and the axial translational vibration.

The third-order mode of vibration was a horizontal transla-
tional vibration of the system. The fourth-order mode of vibra-
tion was the coupled vibration of the system's horizontal over-
turning vibration and axial translational vibration. At the same
time, the natural frequencies corresponding to the first four
modes were close to each other, and were between 15-18 Hz.
Therefore, the first four orders of vibration are prone to cou-
pling between modes. According to the measured data of the
axial vibration of the system in Sec. 3.5, the main frequency
range of the axial vibration of the system was between 15-
20 Hz. Therefore, the main vibration of the system during the
actual tunneling process was a coupled vibration of its first to
fourth mode vibration mode.

3.4 The main vibrational energy of the system
under external excitation

In order to study the main forms of system vibration under
typical excavation conditions, the vibration energy of each de-
gree of the system was calculated. The horizontal, vertical,
axial translational vibration (HYV, VTV, ATV) and horizontal
and vertical overturning vibration (HOV, VOV) energy of the
support frame were shown in Table 5 and Fig. 11.

The vibration energy of the main drive support frame in all di-
rections was as shown. The vibration energy values in all direc-
tions were normalized. It can be seen from the figure that in the
vibration of the supporting frame, the HOV accounts for
32.49 % of the total vibration energy; the VOV and the ATV
were relatively smaller, accounting for 24.73 % and 24.33 % of
the total vibration energy, respectively; the HTV and VTV ac-
count for the smallest proportion (less than 10 %) of the total
energy of the system vibration. Therefore, the main vibration
energy of the main drive system under the impact load of the
cutter head was mainly the overturning vibration and the axial
translational vibration. The TBM multi-DOF TMVAS proposed
in this paper was mainly aimed at reducing the axial and hori-
zontal overturning vibration of the system, it met the actual
vibration reduction requirements of the system during the ac-
tual tunneling process.
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Table 5. Vibration statistics of each degree of freedom.

Vibration energy
proportion

Support frame 3249% | 24.73% | 24.33% | 9.80% | 8.67 %

HOV Vov ATV HTV VTV

@

— Horizontal overturning —— Vertical overturning —— Axial

Vibration energy
proportion
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Fig. 11. Vibration energy of each degree of freedom.

3.5 Main vibration response analysis of the
system

In order to accurately determine the vibration of the system
under the conditions of excavation, the main dynamic parame-
ters of the system are corrected according to the vibration data
and the accuracy of the dynamic model was improved. At the
same time, in order to determine the main vibration frequency
of TBM main support frame, the corresponding frequency do-
main analysis were carried out as shown in Fig. 12.

It can be seen from the Fig. 12 that among the acceleration
of the support frame and the main beam, the axial acceleration
is the largest, the lateral acceleration was the second, and the
longitudinal acceleration is the smallest. When the vibration
was transmitted to the gripper cylinder, the vibration amplitude
was already small, and the three-direction acceleration RMS
values were all below 0.06 g.

At the same time, the time domain response calculated by
the modified dynamic model was close to the test result. The
calculation error of the horizontal and vertical acceleration of
the support frame is about 26 %, and the calculation error of
the axial acceleration was about 8 %. The calculation error of
the three-direction acceleration at the main beam was con-
trolled within 25 %; the calculation error of the horizontal accel-
eration at the gripper cylinder was within 8 %. Hence, the dy-
namic model modified based on the measured data has high
calculation accuracy and can accurately calculate the vibration
of the TBM main system. At the same time, the main frequen-
cies of the support frame’s axial vibration data were concen-
trated at 15-25 Hz, 30 Hz, 55-60 Hz, 75-85 Hz. The main fre-
quencies of the axial vibration data of the support frame calcu-
lated by the dynamic model were concentrated in the fre-
quency bands of 15-20 Hz, 20-30 Hz, 42 Hz, 50 Hz, 60 Hz.
The frequency distribution of the system vibration calculated by
the dynamic model agreed well with the measured data. The
main frequency segments coincided in the 15-20 Hz segment,
which indicated that the model can accurately describe the

2 . . . . .
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Fig. 12. Test and calculate acceleration response of TBM main system: (a)
horizontal acceleration on supporting frame; (b) axial acceleration on sup-
porting frame; (c) vertical acceleration on supporting frame; (d) horizontal
acceleration on main beam; (e) axial acceleration on main beam; (f) vertical
acceleration on main beam; (g) horizontal acceleration on gripper cylinder;
(h) axial and vertical acceleration on gripper cylinder; (i) frequency domain
responses of axial acceleration on supporting frame.

actual vibration of the system from the frequency domain.
This provides the basis for the design of TMVAS. In the fig-
ure, the frequency domain components of the 42 Hz, 50 Hz,
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Table 6. Test and calculate acceleration response statistics.

Table 7. Acceleration response statistics of the support frame and the

cutterhead.

Supportframe/| - HOV (withl—JI'?/X/AS) ATV (withA'\rTMVVAS)
RMS 0.7776 0.7204 29644 27133
Amplitude | 2.2289 19388  |109307] 80128

Cutterhead | HOV (withl—JI'?/X/AS) ATV (withA'\rTMVVAS)
RMS 0.5968 0.6151 42547|  3.9595
Amplitude | 2.1688 20656  [14.9069]  11.4446

Support frame
Horizontal Vertical Axial
Calculate 0.173 0.160 0.302
Test 0.234 0.218 0.279
Error 26.55 % 26.59 % 8.24 %
Main beam
Horizontal Vertical Axial
Calculate 0.126 0.211 0.120
Test 0.137 0.170 0.096
Error 8.11% 23.7% 2581 %
Gripper cylinder
Horizontal Vertical Axial
Calculate - 0.015 -
Test 0.047 0.016 0.056
Error - 7.64 % -

(a) Max amplitude of axial vibration

Damping ratio

and 60 Hz of the main frame were identical to the correspond-
ing frequency components in the cutter’s load. Therefore, these
frequency components were forced vibrations due to the exci-
tation of the cutterhead. The 15-20 Hz frequency band was a
coupled vibration of its first to fourth mode vibration mode ac-
cording to the modal analysis in Sec. 3.3. Since the low fre-
quency vibration in the range of 12-20 Hz accounted for the
largest proportion of the axial vibration of the support frame,
this frequency band was the main frequency band considered
in the design of the TMVAS. In Ref. [15], the axial acceleration
of the bottom of the main beam was tested based on the TBM
real tunneling progress. The test result showed that the main
vibration frequency was around 14 Hz, which was basically
consistent with the results of this paper.

3.6 Optimization of main parameters of TMVAS

The maximum value of the horizontal overturning vibration
and the axial vibration of the support frame was optimized for
the stiffness and damping ratio of TMVAS. The optimization
history of the stiffness and damping parameters were shown in
the Fig. 13. When the stiffness value was below 5.9e7 N/m, the
axial and horizontal overturning vibration amplitude of the sup-
port frame was significantly reduced as the stiffness value in-
creases. When the stiffness value was about 5.9e7 N/m, the
axial vibration amplitude of the support frame was the smallest
and the horizontal overturning vibration amplitude was at a low
level. When the stiffness of the TMVAS was greater than the
stiffness, as the value of the stiffness increased, the amplitude
of the support frame increased gradually. At the same time,
when the system damping ratio was around 0.029, the maxi-
mum amplitudes of axial vibration and overturning vibration
were at a low level. Therefore, it can be determined that the
optimal stiffness for TMVAS was about 5.9e7 N/m, and the
optimal damping ratio was around 0.029.

5 6 7
Stiffness (N/m)
(D) Max amplitude of horizontal overturning vibration

’ Suﬂ'ncshslN m7
Fig. 13. The optimization history of the stiffness and damping parameters.
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Fig. 14. Acceleration of main components of TBM.

3.7 Vibration absorption effect of TUVAS

The main component acceleration response of the original
TBM system and the TBM system containing the TMVAS were
extracted and compared as shown in Fig. 14.

The axial and overturning direction acceleration response
statistics of the support frame and the cutterhead are shown in
the Table 7.

It can be seen from the Fig. 14 that under the action of the
TMVAS, the vibration in the axial direction and the horizontal
overturning direction of the TBM support frame was signifi-
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Fig. 15. The displacement response of the mass blocks.

cantly reduced. The RMS of the axial acceleration was re-
duced by 9.3 %, and the amplitude was reduced by 26.7 %.
The RMS of the horizontal overturning direction acceleration
was reduced by 7.4 %, and the amplitude was reduced by
13.0 %.

Due to the reduced vibration of the support frame, the vibra-
tion of the cutter head was indirectly reduced. The system did
not significantly reduce the vibration of the horizontal overturn-
ing vibration of the cutterhead. The vibration RMS and the
maximum amplitude differed by about 3 %. TMVAS played a
more significant role in reducing the axial vibration of the cutter
head, and its maximum amplitude was reduced by 23.2 %.

The mass blocks continued to vibrate during the TBM exca-
vation process to absorb the vibration energy of the system. In
order to verify the vibration mechanism of the designed
TMVAS, the displacement response of the mass blocks were
extracted and analyzed in the frequency domain as shown in
the Fig. 15.

It can be seen that the right-top shield and the left-top shield
periodically vibrate with periodic changes of the overturning
load, the vibration amplitude was around 5 mm. The vibrational
displacement of the right-top shield and the left-top shield was
opposite, which was consistent with the motion characteristics
of the TMVAS's structure. Under the reverse synchronous
motion of the two mass blocks, the resulting dynamic axial
force and overturning moment counteracted the dynamic load
at the support frame, thereby reducing the vibration of the sup-
port frame. It can be seen from the frequency domain analysis
of the vibration displacement of the two mass blocks that the
main vibration frequency was between 10-20 Hz. The stiffness
value of the TMVAS was 5.9e7 N/m, and the natural frequency
can be calculated to be 16.9 Hz. From the field test data and
the calculation of dynamic model, it can be seen that the main
frequency band of the system vibration frequency of the sup-
port frame was 10-20 Hz. Therefore, the TMVAS will resonates
under the vibration of the TBM main system, so that the two
mass blocks will absorb the maximum vibration energy,
thereby minimizing the axial and overturning vibration of the
system.

3.8 The effect of mass blocks

The above analysis maintained the mass of the mass blocks,
in order to study the effect of the mass of the mass blocks on
the vibration absorption effect, additional mass of 0.5, 1, 1.5
times of the mass block was added to the original mass block.

Table 8. The vibration absorption statistics under different additional mass.

Additional Dampin Axallamplitude | ~ Overturning/
mass | Case [Stiffness rat?o 9 reduction amplitude reduc-
factor percentage | tion percentage

Case 1|19.163e7| 0.0439 |8.072/26.15% | 1.840/17.45%
0.5 |Case2(1.022¢8| 0.0418 |9.150/16.29 % | 1.712/23.19%
Case 3|9.694e7| 0.0469 |8.322/23.87 % | 1.776/20.32 %
Case 1|{1.729e8| 0.0898 |8.395/23.20 % | 1.458/34.59 %
10 |Case?2|2.059e8| 0.098 [9.0395/17.30 %| 1.376/38.37 %
Case 3|1.876e8| 0.0796 |8.680/20.59 % | 1.426/26.02 %
Case 1| 1.98e8 | 0.0816 |8.397/23.18 % | 1.244/44.19 %
1.5 |Case2|2.102e8| 0.0959 (8.4176/22.99 %| 1.235/44.59 %
Case 3|2.041e8| 0.0898 [8.4033/23.12 %| 1.239/44.41 %
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Fig. 16. The vibration absorption effect of the TMVAS under different addi-
tional mass.

The stiffness and damping ratio of the system was optimized
under different additional mass. The vibration absorption per-
centage of the TMVAS under different additional mass was
shown in Fig. 16 and Table 8.

The percentage of vibration absorption in the overturning di-
rection was significantly improved, and the vibration absorption
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percentage in the overturning direction was about 13 % without
additional mass, and with an additional mass of 0.5, 1, 1.5
times the mass of mass block, the percentage of vibration ab-
sorption in the overturning direction was 20 %, 26 % and 44 %,
respectively. At the same time, as the mass of the mass block
increased, the optimal stiffness increased gradually. Under
different condition of additional mass, the natural frequency of
the damping system was maintained between 15-20 Hz. This
ensured the resonance state of the TMVAS, thereby absorbing
the vibration energy of the system at the most.

3.9 Characteristic analysis of TMVAS under
continuous driving condition

Under the condition of TBM continuous tunneling, the
change of rock conditions mainly includes homogeneous sur-
rounding rock with different hardness and composite surround-
ing rock with different properties. Therefore, the vibration char-
acteristics of the main system under the above typical rock
conditions and the vibration reduction effect of TMVAS were
further studied.

The above study has proved that the designed TMVAS has
a good damping effect on the vibration of the TBM main sys-
tem was mainly in the 15-20 Hz frequency band. In order to
study the effect of different resistance rocks on the system’s
main vibration frequency section, taking the load spectrum of
cutter under different rock resistance as the equivalent load of
the system, the axial load frequency of the vibration-damped
part of the main system under different rock resistance was
calculated. The response is shown as Fig. 17.

It can be seen from the Fig. 17 that the axial vibration fre-
quency response of the main system’s vibration under different
rock resistance has a similar rule, and the maximum peak val-
ues of vibration under soft, medium and hard rock conditions
are 15.9, 17.1 and 18.08 Hz, respectively. There are lower
frequency peaks at 40 Hz, 45 Hz, 65 Hz. At the same time, as
the rock resistance increases, the frequency components of
the system increase significantly.

Therefore, for the system’s axial and overturning load under
different rock resistance, the main vibration frequency band of
the connection part of the TBM supporting frame and the front
section of main beam changes little, which are all concentrated
in the range of 15-20 Hz. For external excitation loads with
significant specific frequency peaks, the system's vibration
frequency response is prone to corresponding frequency char-
acteristics and exhibits more prominent forced vibration char-
acteristics. When the external excitation frequency increases,
the system's vibration frequency may change. However, since
the axial and overturning external excitation loads of the cutter-
head under different rock resistance show wide-band fre-
quency characteristics, it is not appropriate to use the system's
frequency-response analysis to analyze the corresponding
response. It can be seen from the above calculation and analy-
sis that under the external excitation with wide frequency re-
sponse characteristics, the vibration of this part does not simply

Table 9. Statistical value of cutterhead load under different geological con-
ditions.

Rock proportion 0% 213% | 352% | 50%
Horizontal overturning load (KNm)| 312.15 | 32553 | 377.74 | 486.70
Horizontal unbalanced load (KN) | 11748 | 128.81 | 161.92 | 209.22
Cutterhead torque (KNm) 2.8722e3| 2.9757€3 [3.2662e3|4.2312e3
Load additional factor iy 1 1.0738 | 1.2438 | 1.805

—  60-70MPa
— 95-100MPa
= 120-130MPa

Amplitude

0 20 40 60 80 100
Frequency (Hz)

Fig. 17. The vibration frequency response under different resistance rocks.
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Fig. 18. Load change of cutterhead under different complex geological
conditions.

show the characteristics of forced vibration, and its vibration
frequency is mainly determined by the natural frequencies of
the system's 1-4 orders.

Therefore, different rock resistance will not significantly
change the main frequency band of the vibration. According to
the vibration-damping principle of the TMVAS system, the vi-
bration-damping system designed in this paper can play an
effective role in reducing vibration.

In order to study the influence of the different rock properties
on the main system’s vibration characteristics under the com-
plex geological situation, the corresponding load of the cutter
head is calculated which is shown in the following Table 9. The
horizontal unbalanced load, torque and axial load change with
the proportion of soft surrounding rock as shown in Fig. 18.

As shown in Table 9 and Fig. 18, as the proportion of soft
surrounding rock increases, the lateral unbalanced load and
torque of the cutter head increase significantly. As the propor-
tion of soft surrounding rock increases, the corresponding load
increase rate increases significantly. When the proportion of
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Table 10. Statistical value of damping effect under different geological
conditions.

HOV ATV

Rock | o |2139%|352%| 50% | 0% [21.3%|352%| 50%
proportion|

RMS |0.7776]0.8496|0.8899|1.2233| 2.9644| 3.2631 | 3.3227 | 3.8872
Vibration

reduction| 7.4 % [ 9.3 % | 8.4 % |12.6 %| 9.3% |10.1%| 9.9% |14.1 %
rate

Amplitude| 2.2289|2.1840{2.41853.8650 (10.9307|10.5357|9.9950 |12.5687

50%
35.2%

g
B
5
5
3
8

Acceleration (rad/s?)
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Fig. 19. The vibration frequency response under different rocks proportion.

soft surrounding rock increased to 20 %, the rms value of cut-
terhead’s horizontal overturning load, horizontal unbalanced
load and torque increased by 4.29 %, 9.64 % and 3.60 %,
respectively. When the proportion of soft surrounding rock
increases from 35 % to 50 %, cutterhead’s horizontal overturn-
ing load, horizontal unbalanced load and torque increased by
28.85 %, 29.21 % and 29.55 %, respectively.

Using the corresponding cutter head’s equivalent load under
complex geological situation with different rock proportions as
the external excitation load of the model, the axial and horizon-
tal overturning vibrations of the supporting frame in each case
are calculated as Fig. 19.

The statistical values of the axial and overturning vibration
calculation values of the supporting shell under the complex
geology of different rock proportions, the statistical values of
the damping effect of the TMVAS system on the RMS value
and amplitude of the system are Table 10.

As can be seen from the Fig. 19 and Table 10, as the pro-
portion of soft rock increases, the RMS values of the axial and
horizontal overturning vibration of the supporting shell increase
significantly. Similar to the load change law of the system un-
der different surrounding rock proportions, the increase rate of
the system's vibration response increases slowly when the
rock proportion is 0-35 %, and the axial vibration RMS value

=

Amplitude
o o o
by

[N

1)

o
o

100 200

. 300 400 500 0 20
Time (s)

80 100

40 60
Frequency (Hz)

Fig. 20. The time and frequency response under real continuous tunneling
conditions with rock property changes significantly.

increases by 14.4 %. The rate is 0.4091 % per one percent.
The RMS value of the horizontal overturning vibration is in-
creased by 12.1 %, and the increase rate is 0.3438 % per one
percent. While the rock proportion is 35 %-50 %, the vibration
increase rate is faster, the increase rate of the RMS value of
axial vibration reaches 2.8970 % per one percent.

The increase rate of its RMS value of horizontal overturning
vibration reaches 1.2867 % per one percent. The change law
of the horizontal overturning vibration’s amplitude of the sup-
porting shell is consistent with its RMS value. It increases
slightly when the proportion of rock is 0-35 %, and the increase
value is about 8.5 %. When the proportion of rock is 35-50 %,
the increase is larger, which is about 64.9 %. The axial vibra-
tion amplitude shows a small fluctuation in the range of 10 %
when the rock proportion is 0-35 %, and it increases signifi-
cantly when the rock proportion is 35-50 %, with an 23.5 %
increase amplitude.

At the same time, under complex geological conditions with
different proportions of soft surrounding rock, the frequency
response of the system's axial vibration is relatively consistent,
and its main frequency bands are around 15-20 Hz. The pro-
portion of surrounding rock changes significantly. According to
the calculation and comparison of the TMVAS dynamic model
analysis, it can be seen that the rock proportion is in the range
of 0-35 %. The TMVAS has the same damping effect on the
axial vibration and the horizontal overturning vibration, and the
damping effect on the system RMS is, respectively, 7 %-9 %
and 9 %-10 %. When the soft surrounding rock proportion is
large, the system's horizontal overturning vibration increases
significantly, the effect of TMVAS on the system's RMS value is
significantly increased, which is 12.6 % and 14.1 %, respec-
tively. The maximum damping amplitude for the system is in-
creased to 18.7 % and 29.8 %, respectively.

In order to verify the dynamic characteristics of the main sys-
tem under continuous tunneling conditions, the continuous
vibration test of the main system support shell was conducted
for up to 10 minutes under specific tunneling conditions. The
rocks are staggered, and the proportion of rocks with different
properties changes significantly along the direction of excava-
tion. It can be determined by analyzing the slag on the belt
conveyor. The vibration data of the system in the test segment
is shown in the Fig. 20, and the frequency domain response
corresponding to the S1 data segment is shown in Fig. 20.
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Under such tunneling conditions where the rock property
changes significantly, the vibration amplitude of the system
changes significantly. Taking the S1 segment as an example,
the maximum amplitude of acceleration increases more than
one time. The frequency response corresponding to the S1
data segment shows that the main frequency range of system
vibration remains between 15-20 Hz.

Therefore, the test verifies that the main vibration frequency
range of the TBM main system under continuous tunneling
conditions, especially when the surrounding rock properties
change significantly, remains basically unchanged.

4. Conclusions

In this paper, a design method of tuned mass vibration ab-
sorption system was introduced. Through the study of the dy-
namic characteristics of the main system, it was found that the
overturning vibration and axial vibration of the system were the
main vibration forms of the system under the excavation condi-
tion, and the vibration energy percentage accounted for more
than 80 %. Based on the actual excavation process, the vibra-
tion data, and the main tunneling parameters and geological
parameters during the excavation process were obtained. The
above data was used to calculate the main support stiffness of
the system, modify dynamic model and verifies the multi-point
vibration response of the system. At the same time, it was de-
termined that the axial vibration of the main support frame of
TBM was concentrated in the frequency bands of 15-20 Hz,
wherein the low frequency vibration of 15-20 Hz was a coupled
vibration of its first to fourth mode vibration mode according to
the modal analysis. The maximum value of overturning vibra-
tion and axial vibration was taken as the optimization target,
the optimal stiffness of TMVAS was determined to be about
5.9e7 N/m, and the optimal damping ratio was around 0.029.
Through the vibration absorption effect of the TMVAS, the axial
and horizontal overturning acceleration of the system support
frame was significantly reduced, the maximum amplitude was
reduced by 26.7 % and 13 %, respectively, and the vibration
RMS value was reduced by up to 9.3 %. Meanwhile, the
TMVAS indirectly had a significant vibration absorption effect
on the axial vibration of the cutterhead, and its maximum ampli-
tude was reduced by 23.2 %. With the increase of the addi-
tional mass of the mass blocks, the axial vibration absorption
effect on the support frame did not change significantly, and
the vibration absorption percentage was basically maintained
between 20 % and 25 %. Under continuous driving conditions,
when the resistance of the surrounding rock changes and the
proportion of the surrounding rock of different properties
changes, the main vibration frequency band of the main sys-
tem is basically stable, consistent with the first 4 natural fre-
quencies, the TMVAS system has good damping effect.
Through the multi-degree-of-freedom tuned mass vibration
absorption theory under the random mutation load of the sys-
tem, the main vibration energy of the system can be effectively
reduced based on the existing TBM main structure.
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Nomenclature

: Load

: Torque

: Moment

: Horizontal displacement

: Vertical displacement

: Axial displacement

: Torsional displacement

: Mass

- Inertia

: Stiffness

: Damping

: Meshing angle of each pinion
: Phase angle of each pinion
: Radius of the large ring

: Damping force

:Angle

: Relative displacement of the i-th pinion
: Kinetic energy

: Elastic potential energy

: Length

:Angle

: Diameter

: Installing angle

: Rotational angular velocity
: Time

: Correction coefficient

: Correction coefficient

: Correction coefficient
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