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Abstract. TBM cutterhead works in complex working conditions, which endures the reverse
impact forces of rock breakage, resulting in parts abnormal failure. Hence, the study of the system
inherent characteristics is the basis for cutterhead dynamic design. Based on the established
vibration model of a TBM split-cutterhead system, the modal method is used in the dynamic model
and the natural frequency sensitivity expressions to system parameters are deduced. Then a
cutterhead system of a water conservancy project in China is taking as an example, the natural
frequency sensitivity with respect to the cutterhead support stiffness and mass parameters is
obtained, and the influence of the two parameters on natural characteristics is analyzed. The results
show that, the 10th-20th order natural frequencies are mainly affected by the cutterhead support
stiffness and mass parameters, and the 9th-11th order frequencies are mainly influenced by
cutterhead moment of inertia. Besides, with the change of stiffness and mass parameters, the
cutterhead system natural frequency curves cut across each other and there are also many
inflection points in the sensitivity curves, then the modal jumping occurs near these points. The
parameter sensitive points were obtained from the results, which can provide reference for TBM
cutterhead system parameters matching.

Keywords: TBM cutterhead, vibration characteristics, parameter sensitivity, mode jumping.
1. Introduction

Tunnel Boring Machine (TBM) is a kind of advanced engineering equipment used in various
tunnels, which is widely applied to the urban subways, river-crossing or sea-crossing tunnels and
national defense tunnel excavation. Compared with other excavation methods, TBM has the
advantages of fast tunneling speed, environmental protection and high efficiency. Cutterhead
system is the core component of rock breaking, which endures the reverse impact forces of rock
breakage duo to the complicated geological conditions. As a result, the structural vibration and
various components failure are caused by the impact forces, such as the cracking of cutterhead
panel, main bearing failure and cutter seat cracks [1, 2]. Therefore, the cutterhead strength, system
dynamic performance and fatigue life requirements are very high, and it is necessary to analyze
the system vibration characteristics in the structural design stage. The natural characteristic is the
research foundation of vibration analysis, and analysis of different parameters on the natural
frequencies and sensitivity, can provide a basis for system parameters matching.

Scholars have done a lot of research on the TBM cutterhead system design, and encouraging
achievements have been obtained. As early as 1980s around in overseas, Hopkins [3] and Samuel
[4] et al. studied the variation rule of rock breaking loads at the tunneling field and laboratory,
through the force sensors installed on the cutter shaft. A novel method named Rock Joint Rate
(RJR) for predicting the penetration rate (PR) of TBM in hard rocks was proposed and huge
amounts of engineering data was utilized to validate the proposed model [5]. In recent years, Jamal
Rostami, an international well-known TBM expert, presented many cutterhead design and
performance prediction models for hard rock TBM combined with some engineering cases, which
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can provide reference for cutterhead structural design and performance analysis [6, 7]. In
domestic, some key technologies involved in the TBM cutterhead design were presented and the
further research issues of cutterhead design were proposed by Liu et al. [8]. A free-face-assisted
rock breaking method was proposed for improving the rock breaking efficiency, and then a
multi-stage TBM cutterhead structure was designed and series of proof-of-concept tests were
carried out to validate the proposed method [9]. Xia, Tan et al. studied the rock breaking
characteristics and impact loads of different cutters, using the discrete element method, finite
element method and experimental method [10-12]. Besides, some scholars studied the rock cutting
forces, disc cutter wear performance and rock breaking efficiency with different kinds of cutters
by the means of simulation and rotary cutting test [13, 14]. Similarly, Han, Xia et al. established
a TBM excavation finite element model to investigate the dynamic responses of cutterhead loads,
and the simulation results were validated by a tunneling test [15]. Also, the cutterhead loads and
tunneling parameter characteristics were directly studied using the theoretical derivation and
numerical methods, which can provide guidance for TBM construction parameters matching
[16, 17]. Moreover, Sun, Huo et al. has been done a lot of research work in the aspects of TBM
cutterhead system vibration characteristics, tunneling field test, electromechanical coupling
vibration model as well as the structural performance evaluation, and some useful results were
achieved, which also can provide reference for TBM cutterhead structural anti-vibration design
and parameters matching [18-21].

As mentioned above, scholars have studied the TBM cutter rock breaking characteristics,
cutterhead loads and system vibration by the means of field test, numerical simulation and
theoretical derivation, and some instructive conclusions were obtained. However, the TBM
cutterhead system natural characteristics, influence of different parameters on natural frequencies
and sensitivity have been seldom involved previously. Accordingly, in this paper, the parameter
sensitivity expressions of cutterhead system natural frequency are deduced by using the modal
method, based on the established dynamic model of TBM cutterhead system. Then a TBM
cutterhead of a water tunnel project in northwest Liaoning province is taken as an example, the
influence of cutterhead support stiffness and mass parameters on the system natural frequencies
and sensitivity is analyzed, to lay foundation for the cutterhead system dynamic design and
parameters matching.

2. Multi-degree of freedom coupling dynamic model about TBM cutterhead system

The rotary torque is transmitted to the pinions by multiple motors through the respective
planetary gear reducers when the TBM tunnels. Then an inner ring gear fixed with the cutterhead
flange is derived by the pinions, so as to drive the cutterhead. For a cutterhead with diameter over
8m, the cutterhead plate body is generally made up of several pieces, and each piece is connected
with the center block by welding and bolts. The typical split-cutterhead structure with medium
square is shown in Fig. 1. A multi-degree of freedom coupling vibration model of a
split-cutterhead system has been established, based on the lumped mass method, with the coupling
vibration model of cutterhead piece and center block showing in Fig. 2 [18]. For the other
structural vibration models, see reference [18], and the detailed dynamics differential equations
are also presented in this literature.

3. Sensitivity analysis method for cutterhead system natural frequencies

Modification of physical parameters method is a useful tool for system vibration optimization.
Physical parameters can be modified in a targeted way, and the system can obtain predetermined
vibration characteristics with this method. Therefore, it is necessary to study the natural
frequencies variation with physical parameters, and to explore the natural frequencies sensitivity
to the mass, stiffness and other parameters changing. Mathematically, sensitivity is a derivative.
Physically, it reflects the modal parameters sensitivity to a system inertial or elastic element. In
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this paper, the modal method is used to analyze the natural frequencies sensitivity of TBM
cutterhead system [22], and the mathematical derivation process of the actual cutterhead system
is presented as follows.

Cutterhead piece

Cutterhead
center block

Fig. 1. Split-cutterhead structure Fig. 2. Coupling vibration model of
cutterhead piece and center block

For an undamped free vibration equation, the characteristic equation is:
(R - A,M){@}; = 0. (1)
It is supposed that the symmetric matrix bi = K — A;M, then Eqgs. (1) can be expressed as:
P{@}; =0, 2

where K is the cutterhead system average stiffness matrix, with the expression showing in
Appendix, M is the cutterhead system mass matrix, which is a diagonal matrix, shown in reference
(18], 4;, {@}i = b1, b1, by, by, 1, ---,¢Np]T are the system ith eigenvalue and eigenvector,
respectively, and:

b, = [fj'nj'zj]: G=1-4), ¢, = [XL'YL:ZL' 0%, 01y, QL]:
¢r = [Xrt YT'ZT' ex' Gx: gr]: (bd = [Xd; Yd; Zd];

and @y = [Hpk, Vpi» Opis Omic], (K = 1 — Np) are the vibration components of cutterhead piece,
cutterhead center block, inner ring gear, support shield body and the pinions, respectively.
Then Egs. (2) is multiplied by the vector {¢};" on the left, and Eqs. (3) can be expressed as:

{@};"P{e}; = 0. 3)

Egs. (3) is took the partial derivative of physical parameter s, and the expression can be
obtained as follows:

G
ds

op 3o},
Plo): + (o) o (o), + (@) PO _ g @

Since the matrix P is a symmetric matrix, the Egs. (2) can be transposed as follows:

{@};"P" = {@}'P=0. Q)

Then Egs. (2) and Egs. (5) are substituted into Egs. (4):
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0P (0K 0} oM _
{@}i g{‘P}i = {o@}; (g - EM -4 E) {@}i =0. (6)

A normalized mode vector {(pT}L-T is introduced, which is satisfied the following expression:

o Mg} = 1. ™
Then Egs. (7) is substituted into Egs. (6), it can be obtained:

oA 7 (0K oM

A _ T(Z2 1 20 ) rem)., 8

= (o) (5 g e ®)
The above expression is the sensitivity of the system ith eigenvalue 4; to physical parameter s.

In addition, since the cutterhead system average stiffness matrix K is unrelated to the mass
parameter m;, and the mass matrix M is also unrelated to the stiffness parameter k;, that is:

aﬁ_o oM
om; ' 0k;

=0. (©))

Egs. (9) is substituted into Egs. (8), and the sensitivity expressions of the ith eigenvalue to the
mass parameter m; and stiffness parameter k; can be described as follows, respectively:

o . oM
om, Afe}i om, {07}, "
O)li_{ T}Tai{ 9 (10)
aki - (p i ak,_ (P i

Besides, the relationship between the natural frequency and eigenvalue is 4; = w?, so the
sensitivity expressions of natural frequency can be expressed:

a(A)i _ w; . TaM T
om, =75 {7} om; {97}, o
dw; 1 ( T}Tai{ 7
ok, 2w, P i 1@

4. Case study

The cutterhead system mass matrix M and average stiffness matrix K are substituted into
Egs. (11), then the system natural frequencies sensitivity to the mass and stiffness parameters can
be obtained. In view of the paper length restriction, this paper mainly studies the influence of
actual cutterhead support stiffness and mass parameters on natural characteristics and sensitivity,
and the influence analysis of other parameters are similar.

4.1. Overview of an actual cutterhead system

This case study object is based on a water tunnel project in northwest Liaoning province,
China. The tunnel net section diameter is 7.51 m, and the TBM excavation diameter is 8.53 m,
with the TBM cutterhead system parameters showing in Table 1. The TBM cutterhead is
composed of four cutterhead pieces and a center block, and the main drive system is driven by an
external meshing style structure. The driving pinions are connected with a short axis, and the
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whole machine weight is supported by the cutterhead front bottom support and support boots
together, so the structural stability is high.

Table 1. Parameters of TBM cutterhead system

Cutter number Motor power / kW Rated speed / rpm Maximum torque / kNm
53 3300 5.5 9633
Rated thrust / kN Gear modulus / mm Ring gear tooth number Pinion tooth number
16509 20 198 19

4.2. The natural frequencies and vibration modes of cutterhead system

Based on the established cutterhead system vibration model, the natural frequencies and mode
shapes are obtained by solving the system free vibration differential equation. In view of the
cutterhead actual excitation frequency, the lowest fifteen frequencies and mode shapes are
presented in Table 2.

Table 2. Natural frequency and mode shapes of cutterhead system

Mode shape Natural frequencies / Hz
Rigid mode f1=0
Motors and pinions torsional vibration mode fo_g =57
Cutterhead and inner ring gear translational overturning fio =61, f11 =70, fi, = 114,
coupled vibration mode fiz = f14 = 120, fiz = 124

By using regularization method, the system mode shape vector is obtained, as shown in Fig. 3.
The DOF number 1-59 in Fig. 3 represents the free degree of system, where 1-18 is the degree of
freedom of cutterhead piece and center block, 19-24 is the inner ring gear degree of freedom,
25-27 is the support shield body degree of freedom, and 28-59 is the degree of freedom of pinion
and motor. For details, it can be seen the reference [18].

Relative amplitude

2
60 pratty
Fig. 3. Vibration modes of cutterheader system

4.3. Influence of cutterhead supporting stiffness to natural characteristics and sensitivity
4.3.1. Influence of cutterhead piece supporting stiffness

In the cutterhead system average stiffness matrix K, the matrices associated with cutterhead
piece tangential supporting stiffness k;; include ky;, ka5, k33, kq3 and k,3 (the detailed
expressions are shown in Appendix). These matrices are cutterhead piece supporting stiffness
matrix and coupled supporting stiffness matrix between each cutterhead piece and center block,
and the derivatives of other matrices to the parameter k,; are all equal to 0, so the partial derivative

expression of K to k¢ is presented as follows:
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r kg o —kpesingy kpzcosgq
ki —kygsingy, kizcospp,
kLZ —](L(sin(pL3 kL(COS(pL3
_ kg —kysingp, kigcosgp,
K 0 4 4
6kL¢ - akL( —kL{SiWPu —kL{Sin(PM Z kL{Sinz(PLj _Z kL{C05<PLjSin<PLj
j=1 j=1
4 4
kpzcospry 0 kpgcos@r, — z ky¢sing;jcosp, Z kLgcosz(pLj
j=1 j=1
L . 1 12
1 -o —singpq coS® 1 1

1 —sing;, COSQ;,

1 —sing;; CcoSQ;3

1 —sing;4 COSQ14

4 4
= |-=sin@;; -+ —singp, Z sinZ(pLJ- - Z cosy;sing
j=1 j=1
4 4
COS@p; -+ COSQrs — z sing, jcosy; Z coszrpLJ-
j=1 j=1

Egs. (12) is substituted into Eqgs. (11), then the sensitivity expression of the ith natural
frequency to the cutterhead piece tangential supporting stiffness can be obtained:

dw; 1, 70K 1 Y i oyl i
6kL< = Z_wl{(p }i WL( ¢} = Z_wl ijl((j(Zj — Xisingy; + YLCOS(PL]')
+XLi(—(Jlfsinq)Lj + X[sin?p,; — Y/sing, ;cosg, ;)

+Yf((}cos<pu — X[cosgy;sing,; + Yicos?¢,;)))

1 o S . 1ot
= 20, ijl( {;61¢j — Xising, ;61 z; + Yicos@,;0lc;) = Z—a)izjﬂ(ai(j)z .

(13)

Based on the numerical calculation, the influence of cutterhead piece tangential support
stiffness change on the system natural frequency and the sensitivity change law are analyzed. Then
the affected cutterhead system natural frequencies and corresponding mode shapes are presented,
as shown in Fig. 4.

From the above results, it can be seen that the natural frequencies increase with the value of
cutterhead piece tangential support stiffness, and this stiffness mainly affects the system 10-20th
order frequencies. Moreover, to illustrate the system vibration characteristics variation law, the A
point (k;; = 3.61 GN/m) is taken as an example. When the value of k¢ increases, the natural
frequency curves of the fifteenth and sixteenth order coincide at point A, and the two order mode
shapes are the cutterhead translational vibration mode, as well as the cutterhead and inner ring
gear translational overturning coupled vibration mode before point A, respectively (as shown in
Fig. 4(c) and Fig. 4(d)). Then the natural frequency sensitivity curves change suddenly after point
A, and the mode shapes are synthesized into the cutterhead, inner ring gear translational and
motors, pinions torsional coupled vibration mode, which indicates that point A is a sensitive point
of the cutterhead piece tangential support stiffness parameter. At this point, with the value change
of stiffness, the modal mutation and mode jumping occur. Some other stiffness sensitive points
appear in Fig. 4, which include the natural frequency curve crossing points or sensitivity
catastrophe points. Near these points, the vibration mode analysis principle is similar, and the
mode jumping phenomenon also occurs when the stiffness value is near the sensitive points.
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Fig. 4. The influence of cutterhead piece tangential support stiffness to natural characteristics
4.3.2. Influence of cutterhead center block supporting stiffness

Similarly, the sensitivity expressions of the ith natural frequency to the cutterhead center block
axial support stiffness k.4, and radial support stiffness k.4, can be derived as follows:

Oo _ 1 sy, (14)
akeqL 2(1)1'

Jdw; 1 i in2 i iN2

T = 7 (KL= XD+ (= 727), (15)

Then the influence curves of the cutterhead center block support stiffness on the natural
frequencies and corresponding sensitivity are presented after numerical calculation in Fig. 5.

It can be known from Fig. 5 that the cutterhead center block stiffness also mainly affect the
system 10th-20th order frequencies. Similarly, with the value increase of the center block radial
support stiffness, it appears bifurcation phenomenon in the natural frequency curves. The twelfth
order frequency curve is coincide with the thirteenth order frequency curve before the stiffness
value is less than A point value (keq, = 70 GN/m), and the mode shape is the cutterhead, inner
ring gear translational and motors, pinions torsional coupled vibration mode. Then the twelfth
order mode shape changes into the cutterhead, inner ring gear translational overturning coupled
vibration mode after point A. And the thirteenth order mode shape keeps the same at first, and then
frequency curve is consistent with the fourteenth order frequency curve at point B
(kegx = 80 GN/m) (The corresponding mode shape is the cutterhead translational vibration mode).
Near the bifurcation point A and coincidence point B, the cutterhead system mode shapes also
change when the parameter values change.
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Fig. 5. The influence of cutterhead center block support stiffness to natural characteristics
4.4. Influence of cutterhead mass parameter to natural characteristics and sensitivity
4.4.1. Influence of cutterhead piece mass

The mass matrix M is used to take the partial derivative of cutterhead piece mass m;, and then
substituted into Eqs. (11). So, the sensitivity expression of the ith natural frequency to the
parameter m; can be obtained as follows:

dw; w; \* . . .
om, = "2 2, 0 @) @) (16)

Also, the influence curves of the cutterhead piece mass on the natural frequencies and
corresponding mode shapes are drawn, as shown in Fig. 6.

From Fig. 6 it can be showed that the cutterhead piece mass mainly affect the system 10th-20th
order frequencies and the natural frequencies decrease with the increase of cutterhead piece mass.
The fourteenth and fifteenth order natural frequency curves intersect at point A (m; = 13.92 t),
and the two order mode shapes are the cutterhead and inner ring gear translational vibration mode,
as well as the cutterhead translational vibration mode before point A (as shown in Fig. 6(c) and
Fig. 6(d)), respectively. Then the two order mode shapes exchange after point A, and the natural
frequency sensitivity curves also change suddenly.

4.4.2. Influence of cutterhead rotational inertia

The sensitivity expressions of the ith natural frequency to the cutterhead moment of inertia /1.
can be also derived, as shown in Eq. (17):

dw; wi(l i1 iy2
5=~ (300 +5 60,0 + 617 (7
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And the affected cutterhead system natural frequencies and sensitivity curves are presented in

Fig. 7.

As can be seen from Fig. 7, the cutterhead moment of inertia mainly affects the system ninth
to eleventh order frequencies.

180‘ T T T T T T T T T
= Twelfth order
179 == Thirteenth order | |
160F —&— Fourteenth order
—©= Fifteenth order
1501 =< Sixteenth order
Seventeenth order

=
>

o
3

Natural frequency w/Hz

100
9%.7 10144 lZ.‘lS 13.‘92 15‘.66 17‘,4 ]9‘.14 20188 22162 24136 26.1
m/t
a) Natural frequency change
x 10
0. T T T T T
II
ot ,
3.5 B
~o i 2 i 0 30 60

30
DOF number

¢) The fourteenth mode shape before point A
Fig. 6. The influence of cutterhead piece mass to natural characteristics

3
73

%
S
g

o =
=

Y
S

= Ninth order
===Tenth order
""" Eleventh order| |

Natural frequency w/Hz
o
/
/

55 L L L L L L L T T
0:6e6 0.7¢6 0.8¢6 0.9¢6 1.0¢6 1.1e6 1.2¢6 1.3¢6 1.4e6 1.5¢6 1.6¢6

*m?
1, kgt

a) Natural frequency change

Relative amplitude
& & & &
b4 s B =

&
=

s
2

3

0

10 20 30 40 50 60
DOF number

¢) The ninth mode shape after cross point
Fig. 7. The influence of cutterhead moment of inertia to natural characteristics

1718

2

Natural frequency sens

0.12F ~©~ Fifteenth order ]
/ =< Sixteenth order
0.141 / Seventeenth order | |

/ = Twelfth order
-0.1F / ===Thirteenth order
== Fourteenth order

01 L L L L L L L L L
87 1044 1218 13.92 1566 17.4 19.14 20.88 22.62 24.36

Relative amplitude

x10”

mjt
/

b) Natural frequency sensitivity change

26.1

30 40 50
DOF number

60

d) The fifteenth mode shape before point A

Natural frequency sensi

Relative amplitude

A1k
1.5F -
f.’
-
o
2t -~
ad
-
-
L

L e
2.5 e

¥

2
lLfkg*m

b) Natural frequency sensitivity change

x10°

3 L L L L L L L L L
0.6e6 0.7¢6 0.8¢6 0.9¢6 1.0e6 1.l1e6 1.2¢6 1.3e6 1.4e6 1.5¢6 1.

6e6

L L
0 10 20 30 40 50
DOF number

60

d) The tenth mode shape after cross point

JOURNAL OF VIBROENGINEERING. SEPTEMBER 2019, VOLUME 21, ISSUE 6



NATURAL FREQUENCY SENSITIVITY AND INFLUENCE ANALYSIS OF TBM CUTTERHEAD SYSTEM.
JINGXIU LING, XIN TONG, CHANGSHENG GUO, ZHANFU LI

With the increase of this parameter value, the ninth and the tenth order natural frequency
curves are interleaved. The ninth order mode shape is the cutterhead, inner ring gear, pinions and
motors torsional vibration mode before the cross point, and the tenth order mode shape is the
cutterhead and inner ring gear overturning vibration mode. When the cutterhead moment of inertia
value is larger than the cross point value, the two order mode shapes change into the pinions and
motors torsional vibration mode, as well as the cutterhead, inner ring gear translational overturning
coupled vibration mode (as shown in Fig. 7(c) and Fig. 7(d)), respectively. Also, there is an
inflection point in the tenth order natural frequency sensitivity curve, and the mode jumping also
occurs near the inflection point.

5. Conclusions

1) The cutterhead system natural frequency sensitivity expressions are deduced by the modal
method, and the sensitivity expressions of each frequency to the stiffness parameters and mass
parameters are obtained, based on the established cutterhead system vibration model.

2) An actual cutterhead system is taken as an example, the influence of the cutterhead support
stiffness on each natural frequency and sensitivity is analyzed. The results show that the cutterhead
support stiffness mainly affect the 10th-20th order frequencies, and with the stiffness value
change, it occurs many crossing points or bifurcation points in the frequency curves. Near these
points, the sensitivity curves change suddenly, and the mode shapes also change, to cause the
mode jumping phenomenon. It is necessary to keep away from the stiffness sensitive points in
actual design, to avoid the system vibration response uncontrollability.

3) In addition, the influence of the cutterhead mass parameter on each natural frequency and
sensitivity is also analyzed. It indicated that the cutterhead piece mass also mainly affect the
10th-20th order frequencies, and the cutterhead moment of inertia mainly affect the system ninth
to eleventh order frequencies. Similarly, with the cutterhead mass value change, the natural
frequency curves are interleaved, and many inflection points also appear in the sensitivity curves.
It is also required to avoid the natural frequency parameter sensitive points while matching the
cutterhead mass parameters.
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Appendix

The cutterhead system average stiffness matrix Kis expressed as follows:
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K= kss ksg ks ksg ksol
kes ko7 keg koo
(sym.) k77 kzg koo
kgg  kgo
| koo

where k1, and k,, are the 6 order diagonal matrices related to cutterhead piece support stiffness:

ki, = diag(kL{l' kLr)lr ki1 kL{Z' kLr)Z: kLz), kyp = diag(kL(S: kLn3' kis, kL(4 ’ kLr)4—: kL4—)-

k5 is a 6 order square matrix related to cutterhead center block support stiffness:

Keqe + ki + Kuga + ks + gy 0 0 0 0 0

[ 0 Kagy + Kugs + Kugg + Kugs + ige 0 0 0 0 ]

0 0 s+ K+ K+ K+ Ko+ K+ K+ Krege @306 = lin) + 75 (s = i) @306z = 1) + 75 (g = gua) - 0
. 0 0 (ks = ki) + T Chogis = Keqa)
=2 sy + Ka) 77 (s + Kes) 0 0

0 0 (ki = ki) + T kg = Ke) 0

@y + Ka) 7 g+ egu) 0
0 0 0 0 0 k,

10

k44 is a 6 order square matrix related to inner ring gear support stiffness:

.
Kegr + g +Zk sin(a +,) —Zk cos(a + ¢,)sin(a + ;) 0 0 0 —Zk,,,rn,su\(a+¢,)|
s e
‘ D knsin(@+ #)cos(@+ §) g+ k ,,y+Zk cos*(a + ;) 0 0 0 D ktircos(@+ ;)
= = =
0 Keagei + Kequis Tor (Kequs = Kequs + Kegzr = Kegza) - Tor (Kequz = Kequa + Kegza = Kegzs) 0
‘ 0 0 Tor(Keqia = Kequa + Keqz = Keqaz) Tr (kequa + Kogis + Kegar + Kegzs) 0 0 |
0 0 Tor (Kequz = Kequs + Kegzz = Kegza) 0 T (Keqrz + Kequs + Kegzz + Kegzs) 0
.
‘ /z Tsin(e + by Z KTorcos(@ + ;) 0 0 0 8t + Koy ‘

kss is a 3 order square matrix related to shield body support stiffness:

Kegr + Keqa 0 0
kss = 0 keqr + keqd 0 .
0 0 keqdz + keqzl + keqzz + keqz3 + keqz4

k;; (i = 6-9) are the 8 order square matrices related to pinions and motors support stiffness:

keqw +k, cos’a k, cosasina kmrhpcoszz 0 0 0 0 0
k, cosasina keqw + kmsinza kmrbpsina 0 0 0 0 0
kmrhpcosa kmrbpsina kmro + kmrfm 7kmr0 0 0 0 0
. = 0 0 —kme kme 0 0 0 0
t 0 0 0 0 ko + k cos’a k_cosasina kT, COSX o
qpj m m m' bp
0 0 0 0 k, cosasina K, K, sin’a kT, sina 0
apj m m! bp
0 0 0 0 kmrbpcosa kmrbpsina kme + kmri]{J 0
| 0 0 0 0 0 0 —kme kmpo_

(i=6-9, j=1-8).

ki2, k14 and k,, are all 6 order zero matrices, k5, k,5 and ks5 are all zero matrices with 6
rows and 3 columns, k;;, k,; and ks; (i = 6-9) are all zero matrices with 6 rows and 8 columns,
ks; (i = 6-9) are zero matrices with 3 rows and 8 columns, k¢; (j = 7-9), kg, k74 and kgq are all
8 order zero matrices, kq3 and k3 are the 6 order square matrices related to cutterhead piece and
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center block coupling support stiffness:

F 0 kg O 0 0 0
~kppy O 0 0 0 0
0 0 _kLnl 0 _kLlaL 0
fs =1y 0o o0 0 o of
L2
0 kin2 0 0 0 0
L 0 0 _kLZ _kLzaL 0 0_
[ O _kng O 0 0 0_
Kin3 0 0 0 0 0
k _ 0 0 _kL3 0 kL3aL 0
23— _kL{‘l- O O 0 0 0 '
O _kLn4 O 0 0 0
L O O _klA- kL4_aL O 0_

ks, is a 6 order square matrix related to cutterhead center block and inner ring gear support
stiffness:

—keg 0 0 0 0 0
0 —kegy 0 0 0 0
koo = 0 0 _kequ - keqLZ - keqL3 - keqL4 rr(keqm - kequ) rr(keqm - keqLZ) 0
3 0 0 rr(_kequ + keqL3) _rrz(kequ + keqL3) 0 0
0 0 rr(_keqLZ + keqL4) 0 _rr2 (keqLZ + keqL4) 0

[ o 0 0 0 0 -

k45 is a matrix with 6 rows and 3 columns related to inner ring gear and shield body support

stiffness:
—kegr O 0
[ 0 keqr 0 ]
k45 — 0 0 _keqzl - keqzz - keqz3 - keqz4— I
0 0 L (kquS - keqzl)
l 0 0 T (keqz4- - keqzz) J
0 0 0

and k,; (i = 6-9) are the matrices with 6 rows and 8 columns related to inner ring gear, pinions
and motors:

kpcosasin(a + ¢q) ksinasin(a + ¢,) keprpp sin(a + ¢1) 0
kncosasin(a + ¢,) kmsina sin(a + ¢,) kmrpp sin(a + @) 0
—kpcosacos(a + ¢1) —kysinacos(a + @) —kyrppcos(a+¢;) 0
kag = —kpcosacos(a + ¢;) —kysinacos(a + @) —kyrpcos(a +¢,) 0 I
0
0
0
—kyTprcOSQ —kp1pesina —kmTppTor 0 —kprprcosa  —kpTpesing  —kpyTypTpe OJ
kmcosasin(a + ¢3) kmsinasin(a + ¢3) kmrppsin(a + ¢3) 0
kncosasin(a + ¢,) kpsinasin(a + ¢,) kptppsin(a +¢,) 0 ]
—kmpcosacos(a + ¢3) —kpsinacos(a + ¢3) —kprppcos(a +¢3) 0 |
kay = —kpcosacos(a + ¢y) —kpsinacos(a + ¢s)  —kprppcos(a + ps) g I
0
0
—kyTprcOSQ —kpyTpeSina —kmTppThr 0 —kprpcosa  —kpTpsina —kpTppThy OJ
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kncosa sin(a + ¢s) kmsina sin(a + ¢s) kmrpp sin(a + ¢s) 0 ]
kncosasin(a + ¢g) kmsina sin(a + ¢g) kmTpp sin(a + ¢g) 0 |
—kpcosacos(a + ¢s) —kpsinacos(a + ¢s) —kynpcos(a + ¢s) 0
kag = —kpcosacos(a + ¢g) —kpsinacos(a + ¢g) —kyppcos(a + ) 0 "
0
° |
0
—kmTprcosa —kpm1prsina —knTopTor 0 —kprprcosa  —kprpsing —kprpprpe 0
[ kmcosasin(a + ¢;) ki sinasin(a + ¢;) kptppsin(a +¢;) 0
ki cosasin(a + ¢g) k. sinasin(a + ¢g) kmTppsin(a + ¢g) 0
—kmcosacos(a + ¢;) —kpsinacos(a + ¢;) —kprppcos(a+ ¢p;) 0
Keo = —kmcosacos(a + ¢g) —kpsinacos(a + ¢g) —kprppcos(a + pg) 0
0
0 |
0
—KyTprcosa =Ky TprSina —kmTopTor 0 —kprpecosa  —kprpesina —Kkprpptye 0

The physical meanings of all variables in the above matrices see reference [18].
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