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ABSTRACT: When analysing the damage phenomenon (crack, seepage, et al.) of a segmental lining during
tunnel construction, its movement and deformation along the longitudinal direction is a critical aspect to be stud-
ied. Since the segmental lining is assembled by segments and using connecting bolts, there are many joints in the
lining, which are the weak part of the lining and have an obvious deformation under the application of construc-
tion loads. This paper focuses on the circular joint which has a great influence on the segmental lining deformation
along the longitudinal direction. Firstly, the evaluation methods of the bending stiffness and shear stiffness of
a circular joint are developed; and then, based on the interaction between the connecting bolt and its hole, the
methods for the evaluation of the shear stiffness of a single bolt and the one of the whole circular joint are pro-
posed; finally, the segmental lining deformation along the longitudinal direction is analysed and the main factors
are discussed.

Keywords: Tunnel segmental lining, Circular joint, Shear Stiffness, Bending Stiffness, lining behav-
iour in the longitudinal direction, Connecting Bolts, Bolt/Bolt hole interaction, Finite Element Method

(FEM), Numerical Methods

1 INTRODUCTION

Segmental lining is widely used to support the sur-
rounding ground when the tunnel boring machines
(TBM) is adopted for the tunnel construction. Since
the segmental lining consists of segments and connect-
ing bolts, there are many joints that influence its behav-
iour. During the construction of the tunnel, the crack
and seepage can be observed inside the lining (Gong
et al., 2020; Lu, 2020), and the uplift movement of the
segmental lining is a common phenomenon (Zhou and
Ji, 2014).

In order to understand the reasons of the crack and
seepage inside the lining, the segmental lining deform-
ations along the longitudinal direction are widely stud-
ied using numerical models and analytical solutions
(Chen et al., 2018; Cheng et al., 2021). Regarding this
type of analysis, the influence of the circular joints is
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DOI: 10.1201/9781003495505-142

fundamental. Shiba et al. (1988) proposed the equation
for the joint bending stiffness. Li et al. (2019) carried
out a laboratory test to evaluate the joint stiffness
under the application of a normal forces and moment.
Cheng et al. (2021) suggested the general solution for
the segmental lining deformation. Based on laboratory
test, researchers (Guo et al., 2023a; Guo et al., 2023b;
Liu et al., 2018) tested the bending and shear deform-
ation of joints in the detailed; they further explained
the nonlinear behaviour of the joint due to the non-
linear properties of the constituent materials.

In this paper the methods used to determine the
variable joint bending and shear stiffnesses of the cir-
cular joints are introduced. Furthermore, a FEM model
is developed to calculate the segmental lining deform-
ation along the longitudinal direction and an iterative
procedure is proposed in order to correctly consider
the variable joint stiffness values. Using the proposed
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method, deformations of rings and joints can be evalu-
ated separately, and the nonlinear deformation of the
tunnel segmental lining can be researched.

2 STIFFNESS OF THE CIRCULAR JOINT

When the tunnel segmental lining has a deformation
along the longitudinal direction, the stiffness of the cir-
cular joints shows a nonlinear behaviour with the
increase of the joint deformation. The methods adopted
to calculate the bending and the shear stiffnesses of the
circular joints are discussed in this section.

2.1 Bending stiffness

The bending stiffness of a circular joint is affected
by the state of the joint, which can be described by
the location of the neutral axis: it can be represented
by the angle ¢ introduced by Shiba et al. (1988) and
is determined by the existing normal force and the
applied moment. There are two kinds of circular
joint states: open and closed. When the joint is
closed, the segments are connected each other, and
the bending stiffness of the joint is the same of the
lining segment. The limit moment Mj;,, of the circu-
lar joint before opening can be determined by the
normal force N with the following equation:

Mllm - q. Re (])

where [ is the inertia moment of the ring cross-
section, A4 and R, are the cross-sectional area and the
external radius of the ring, respectively.

When the joint is open, the bending stiffness of
the joint show a nonlinear behaviour. The influence
of the moment and of the normal force can be repre-
sented by a parameter A,

N- (D, —t)

A=
4-M

()
where D, is the external diameter of the tunnel,
t is the thickness of the lining.
The equivalent bending stiffness (EI),, of the
joint can be obtained by the following equation (Han
et al., 2023a):

(ED)y = [Keon - (5

2—¢—sing0~coscp) + Kion

(E+p+sing-cosy)| (-1t
2 ® 4 4 16 bp

3)

where L, is the projection length of the bolt, and
K., are the tensile stiffness and compression stiff-

ness of the joint:
— 2Econ
{ Kcom - LI).p (4)

where E,,, is the elastic modulus of concrete, £
is the elastic modulus of the bolt steel, /, is the
length of the bolt, n is the number of connecting
bolts in the circular joint and 4, is the cross-
sectional area of the connecting bolt.

In Equation 3, when the normal force is equal to
0, the angle ¢ can be obtained by the following sim-

plified equation:
1 Kien

+cotp =m-
4 7 <2 Kcom - Kten

When the normal force is larger than 0, the angle
@ can be derived on the basis of Equation 2:

jb72-m-(cos<,0+<p~sin<,0)77rlsin<,0
 —2-m-(p+cosg-sing) +

(6)
where m can be determined by K., and K,:

K com K ten

m = om— Zen (7)
K com + K, ten

Furthermore, the equivalent bending stiffness of
the joint also can be rewritten with the ratio between
the equivalent bending stiffness of the joint and the
one of the segmental lining ring:

(El)eq = JBSEBr)ltz “Eeon -1 (8)

where JBSE3,,,. is the joint bending stiffness effi-
ciency based on the Boltzmann function; it is equal to
the ratio of the bending stiffnesses between the joint
and the ring, and it can be considered as a modifying
parameter of the bending stiffness of the lining ring.
JBSEg,;. is a function of the A parameter:

(A] *Az) e

IJBSEgoi: = 1 + eG—0)/a

+A4+A  (9)

where 4, A,, A9 and k are the basic parameters, o
and A are the modified parameters. The detailed der-
ivation of these parameters can be found in the refer-
ence (Han et al., 2023c¢):

A, is the lower value of the modified parameter
JBSEg,., which can be obtained by Equation 3 and
Equation 4 when the normal force is equal to 0;

A, is the upper value of JBSEg,,. which is equal
to 1;

Ao is the specific value of 4 when JBSEg,;. is
equal to (41 + 42)/2, where the equivalent bending
stiffness of the joint (£1),, can be obtained by Equa-
tion 5, the angle ¢ can be derived by Equation 3, and
Ao can be calculated by Equation 6;

q is a constant value, and can be obtained by the
following equation:

_ Ax— A4

S 10
1= 4IBSE (10)
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where JBSE’is the slope of the centre point (4o, (A}
+A,)/2), which can be obtained by two adjacent points
with a tiny increase A4, where the ordinate value of
JBSEg,;. can be obtained on the abscissa value and
Ao+ AL based on Equation 3, Equation 5 and
Equation §&;

o and A are the modified parameters and can be
obtained by the following equations:

1 (1=40)/kY . (1 (=20)/k
el ) RO
e(1=20)/k _ o(—ho)/k

(Al —Az) - a

A=- 1+ e(—)/k

(12)

Based on Equation 3 and Equation 8, the equiva-
lent bending stiffness of the joint can be calculated
separately. The results are shown in Figure 1 refer-
ring to a well-known case of a shield tunnel (Zhou
and Ji, 2014), and the results by the two methods
show a very good consistence.

104
0.8
£ 0.6
8
04-
0.2- = JBSE
| —— IBSEpy,,
004 , : . . . , . .
00 02 04 06 08 10 12 14 16

Figure 1. The trend of the joint bending stiffness based on
the Equation 3 and Equation 8 calculation for a well-known
case of a shield tunnel (Han et al., 2023c; Zhou and Ji, 2014).

2.2 Shear stiffness

The shear stiffness of a joint is influenced by the rela-
tive displacement of segments. Since the connecting
bolts are installed along the circular joint, the inclin-
ation angle of the bolts varies with the location of the
bolts on the circular joint. The shear stiffnesses of
a single bolt and of the whole circular joint are here
discussed separately.

2.2.1 Shear stiffness of a single connecting bolt
Based on the Timoshenko theory, the equivalent shear
stiffness of a joint (k- G- 4),, is equal to the ratio
between the shear force V,,,,; applied on the joint and
the corresponding relative displacement vy, together
with the projection length of the connecting bolt L,

_ Viotal
“ Vseg

(k.G.4)

Ly, (13)

When the segments have a relative displacement
along the joint Avg,, the ratio between the

increasement of the applied shear force AV, and
the corresponding relative displacement can be

defined as shear stiffness Koy
A V{) al

eq = sz : (14)
seg

where the applied shear force on the joint AV,
is equal to the shear force of the bolt on the cross
section along the joint.

Furthermore, considering the inclination angle of
the connecting bolt, the equivalent shear stiffness of
the joint is the combination of the joint-bolt tensile
stiffness and the joint-bolt shear stiffness when only
the bolt is considered during the shear deformation
(Han et al., 2023d):

Koy = Keg.0 - c08%(01) + Kog v - sin’(a) (15)
where K., is the joint-bolt shear stiffness and
K., n is the joint-bolt tensile stiffness, when the bolt
is perpendicular to the plane of the joint; a is an
inclination angle of the connecting bolt.

Based on the relative displacement direction and
the tensile state of the bolt, there are two basic
models for the joint shear deformation: the tensile
model and the no tensile one, because there is no
constraint on the bolt head when the bolt is com-
pressed along the axial direction.

When the joint deformation follows the no tensile
model, the shear stiffness K, can be obtained by the
shear stiffness of the joint:

Koy = Koy - cos*(a) (16)
Based on the results of Han et al. (2023d), the joint-
bolt tensile stiffness has a constant value (the green
line in Figure 2), and the joint-bolt shear stiffness has
a nonlinear trend varying the relative displacement
between the segments (the blue lines in the figure).

Tensile stiffness of the bolt Keqn

Part ITT

2 1
] . 1
@ Final pomt:
7] 1 .
1 Maximum
1
. 1 shear
Shear stiffness 1.
e Fholt K 1 stiffness
.7 0100t Keqio : of bolt
7
. ’ ]
L Starting point :
0 ¢ - >

Relative displacement

Figure 2. The joint-bolt tensile stiffness and the shear stiff-
ness when the bolt is perpendicular to the plane of the joint
(after Han et al., 2023d).
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The tensile stiffness of the joint can be obtained
by the following equation:

1

Lshank
+ Ep-Ap + K,

1
xo0

(17)

ReqN = cotptmnn)
Ep-App

where /000 15 the length of the thread part of
the bolt which is installed inside a concrete bolt
hole, /iani 1s the length of the shank part of the bolt.
Parameter p can be obtained by the following
equation:

2 _Peom-dy
P =R, (18)
where f. is the concrete foundation shear
modulus, d; is the diameter of the bolt.
K, , represents the compressive stiffness of the
concrete surface under the application of the washer
of the bolt head.

(19)

b
KX‘O = kC’ : Z : (dfvaxher - dz)
where d,,s1er and d, are the diameter of the washer
and the bolt hole, respectively; k. is the concrete
foundation compressive modulus. The parameters k.
and f. can be determined by laboratory tests and are
discussed in the references (Han et al., 2023b).
The shear stiffness of the joint has three parts, and
also includes three key parameters: a maximum
shear stiffness, locations of a starting point and of
a final point. The maximum value of the shear stift-
ness can be obtained by the following equation:
Kegomax =2-Ep-In- B - In] (20)
where [, is the moment of inertia of the bolt
cross-section, # and f are two parameter; f depends
on the concrete foundation compression modulus:

po k. - dy - 1000
“\ 4.E, -1,

the 7 parameter depends on the bolt length and on
[ the detailed derivation of them can be seen in Han
et al., 2023d.

The location of the starting point can be obtained
by the following equation:

1)

L= dmax,h,l - db . lg}mnk . 1
- 2 Ziolt.,/' (3'lshank -2 Ibo/t.l) COS(OC)

(22)
The location of the final point is equal to the sum
of the length of part I and part II.

L_/inal = Lgars + LpartH . c (23)

1
os(a)

where Lyq4,is the length of part IT:

15-Ep -1,
+10-Ey -1y -0 lpotrys — 10-Ep -1, - B- I3

holt rs

2
L =_< .
Parl Kego 4+ 1}37011.1‘:

dmax,h,r - db
2

(24)

where dmax,h,b dmwc,h,rs lbolt,[ and lbalt,rs are geomet-
rical parameters of the bolt, 6 and w are the middle
parameters which can be found in the reference
(Han et al., 2023d), where the segment connected
with  the bolt head is the left one.

The representation of the connecting bolts in the
cross section of the segmental lining rings is shown
in Figure 3. The green rectangle is the first ring and
the white one is the second installed segmental ring.
The angle ¥ represents the location of each connect-
ing bolt in the cross section.

The bolts have different angles with the circular
joint. The equivalent inclination angle y is used to
represent the angle of the bolt axis with the displace-
ment vector of the lining segment.

2.2.2 Shear stiffness of a circular joint

! édvance s
gment
11

displacement

Bolt before rotation

D —

L 1 . 4 T Vertical
section

H T Horizontal
section

Figure 3. Different axial directions of the bolts in the cross
section (after Han et al. (2023d)).

it

The angle y of the considered bolt with the location
9 can be determined by the following equation:

y = arcsin(sin a - cos ¥) (25)

where a is the inclination angle of the bolt at point
1 as shown in Figure 3, ¢ represents the location of
the considered bolt in the cross section (¥ € [0, z]).

When y > 0, the joint-bolt tensile stiffness can be
ignored, and the joint-bolt shear stiffness can be
obtained by Equation 16, where the angle a is
replaced by y. When y < 0, the shear stiffness of the
joint can be calculated using Equation 15 by replacing
o with vy. Finally, the shear stiffness of the circular
joint can be obtained by the summation of the shear
stiffness K., of all the bolts in the lining cross section.
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Table 1. The assumed material parameters.

. Bolt Steel . Concrete Concrete foundation com- Concrete foundation
Bolt steel Elastic . A Concrete Elastic . N .
modulus (GPa) Po!sson s modulus (GPa) Po1sson S pression modulus shear modulus
ratio ratio (MPa/mm) (MPa/mm)
206 0.3 355 0.2 74.87 10.10

Table 2. The geometrical parameters of the bolting system.

Bolt Diameter Inclination  Length of the Length of the bolt on the Max and min hole Max hole
diameter of gasket angle of the bolt on the left  right segment (shank part +  diameter on the left diameter
(m) (m) bolt (°) segment (m) thread one) (m, m) segment (mm, mm) (mm)
0.03 0.07 30 0.282 0.06 +0.19 36, 40 60

The calculated results of the shear stiffness of each
bolt are shown in Figure 4 and the one of the whole
circular joint with the increase of the relative displace-
ment is shown in Figure 5, where the joint is con-
nected by 19 bolts. The assumed material parameters
of the bolt steel and concrete are listed in Table 1 and
the structural parameters are listed in Table 2.

)
—e—35

—4—10
—v—15

-19.79

-26.09

-29.55

-29.55

Figure 4. The distribution of the shear stiffnesses on the
joint connected by 19 bolts.

From Figure 4, the shear stiffness of all the bolts on
the circular joint shows a uniform distribution: the
value of the shear stiffness of the joint increases from
the top to the bottom. With the increase of the relative
displacements of the segments, the shear stiffness of
each bolt increases correspondingly. Based on
Figure 5, the shear stiffness of the circular joint shows
a similar trend with the one of the single bolt, where
the minimum shear stiffness of the joint is determined
by the joint-bolt tensile stiffnesses of all the bolts.

Based on Equation 13, the shear stiffness of the
circular joint can be determined based on the relative
displacement of the segments together with the pro-
jection length.

The distribution of the shear stiffness on the circu-
lar joint is uneven as shown in Figure 4: there are
different start points and final points for each bolt
varying the equivalent inclination angle y based on
Equation 22, Equation 23 and Equation 25. Consid-
ering the uniform distribution of the bolts on the cir-
cular joint, a virtual bolt at the location ¥ = 45° is
used to represent the shear stiffness of the circular
joint together with the number of bolts. Therefore,
the shear stiffness can be derived by Equation 15:

KN Vseg < Ls,ﬂ:45°

Vse,
Ky +Kp- Tooer Ly -5 < Vyeg <Lry—s45°
KN + KQ Vseg 2 Lf,'17:45°

(26)
where n is the number of bolts on the circular
joint, Ly y—4s- and Ly 945 are the start point and the
finial point when the equivalent inclination angle is
equal to y,_4s. at location ¥ = 45° (Equation 25):
Ky = Kegn - sin? (yy_gs.) - 4
3 (27)
Ko = Keq.0max - €08” (Vy_yse) - 1t

700 .

Max Value: 667.92

/
RN
S S 2
s = 3

N N I

353 13
=3 =3
=} =}
L L

= One by one
| ! H —o—945°and n
100 s - - Min Value: 9141

shear stiffness (MN/m

0 . : ; ; . ; . .
10 15 20 25 30 35 40

Relative displacment (mm)

Figure 5. The shear stiffness of a circular joint connected
by 19 bolts varying the relative displacements.
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Based on Equation 26, the shear stiffness of the
circular joint is also shown in Figure 5: a good con-
sistence between the two curves can be seen and
Equation 26 can be used to calculate the equivalent
shear stiffness of a circular joint.

Based on Equation 13, the equivalent shear stiff-
ness of the joint (k- G - 4),, can be obtained as:

(k G'A)eq =
Ky - Ly

Ls9—45° +¥seg
Ky-Lgp—450+ <K.’\/ +KQ‘\3’_,_/IW) . (Vxeg —Lyg p-45° )

Vieg bp
Ly =450 tLf =450

KL g0+ (KV‘+KQ' Ty

) : (11.17:459 —Lgy-450 ) +(Kw +KQ) . (ng —Lys y=as° )

constraint is applied on the first node of the model. For
the forces applied along the axial direction of the
tunnel, the friction between the lining and the sur-
rounding ground is ignored, and the normal force
(axial force in the longitudinal direction) acting on the
segmental lining is equal to the applied normal force
by the hydraulic jacks: these forces can affect the

Vseg < Ls<0:45°

Ly w45 < Vseg <Ly =45 (28)

Vseg

On the basis of Figure 1 and Figure 5, both of the
bending stiffness and shear stiffness of a circular
joint show a nonlinear behaviour with the relative
displacement of the segments on the joint. Consider-
ing a nonlinear behaviour of the circular joint, the
segmental lining deformation along the longitudinal
direction is discussed on the next section.

3 SEGMENTAL LINING DEFORMATION

3.1 FEM model of segmental lining deformation

During the construction of a tunnel using the Tunnel
Boring Machines (TBMs), the applied forces on the
segmental lining can be divided into two classes:
the loads along the axial direction of the tunnel, and
the ones on the cross section of the tunnel, perpendicu-
lar to the axial direction. The forces on the cross sec-
tion are produced by the slurry (the filling material)
and the ground surrounding the tunnel; the mechanical
behaviour of the slurry change over time, and the state
of the slurry transforms slowly from a liquid state to
solid one. When the slurry is in the liquid state, there
are great buoyancy forces acting on the segmental
lining; the buoyancy effect of the slurry decreases with
the hardening phase (Fu et al., 2023). The slurry pres-
ence in the model is considered with a fluid zone and
a solid one separately (Figure 6). Due to strong con-
straints by the tail brush inside the TBM tail, a fixed

Constraint by the TBM tail

joint element
standard element

lining ring

fe———

leple

bp Vseg > Lf,19:45°

bending stiffness of the circular joint on the basis of
Figure 1.

Based on the Timoshenko theory, a FEM model is
adopted to analyse the lining deformation along the
longitudinal direction: it represents both the segmental
lining rings and circular joints using standard elem-
ents and joint elements as shown in Figure 6. With
the FEM model, the behaviours of joints and rings
can be separately analysed considering the nonlinear
behaviour of joints as previously introduced.

On the FEM model (Figure 6), the external forces
on each node [F] are equal to the global stiffness
matrix [K] multiplied by the corresponding nodal
displacements [S]:

(K] - 18] = [F] (29)

The global stiffness matrix can be obtained by
composing the local stiffness matrices on each
element:

kia kip 0 0 0
ke ka+ka kap 0 0

0 ko koa+ksa 0 0

K= . : .

: : : 0 0

0 0 0 kn—l,d + kn.a kn.b

0 0 0 kne kna

(30)

reaction forces by the solid slurry and surrounding ground

=T

TBM tail Fluid slurry

Solid slurry

Figure 6. The numerical elements of the segmental lining model with the applied constraints (after Han et al., 2023c).
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where the terms of the stiffness matrix depend on
the element stiffness matrix:

12 6l 12 6L
[EX 6 T+®
6 4+d 2 _ 6l 2-0p
[ke), = kia kip| _ EL| 15 il R
Elj k; k Bl -1z _ el 12 61
ic  Hid 1+ +3 1+ 1+3
6l 20p 6 4rdp
[EE +3 140
(31)

where @ is the ratio between the bending stiffness
(ED) and shear stiffness (kGA) of elements based on
Timoshenko theory:

12 - (EI)

G
(kGA) - I2

(32)

For the standard element, the bending stiffness and
shear stiffness depend on the material of the seg’
mental ring (concrete),, (kGA) = (k- Goon - 4), k is
the shear coefficient based on the Timoshenko theory.

For the joint element, the bending stiffness (£1)
can be determined based on Figure 1 and the shear
stiffness (kGA) depends on Figure 5 with the relative
displacement of segments.

Before the hardening of the slurry, the state of
slurry is liquid. The length of the liquid zone is
determined by the speed of the TBM excavation v
and by the hardening time of slurry ¢

(33)

The buoyancy force can be quickly evaluated
with the Archimedes’ principle based on the specific
weight of the slurry y and of the concrete ring y,,:

d=v- -t

T T
q:yxl'Z'Dgiy“)n'Z'[Dgi(Dfizt)z] (34)

In the FEM model, the influence of the solid
slurry and of the surrounding ground can be con-
sidered by adding a series of additional springs con-
nected to the nodes in the global stiffness matrix [K]
along the main diagonal (Oreste, 2007). The add-
itional terms can be obtained by the following

equation:
kw ° lavJ 0
[kw]i,a - |: 0 0:|

where /,,; is the average length of the elements
around the node i, and £, is the spring stiffness con-
sidering the stiffness of the solid slurry and of the
ground; it can be determined by the following equa-
tion (Han et al., 2023c):

(35)

kw =y (50 hy — 6257 - D,) (36)
where 7 is the bulk density of the ground, 4 is
the depth of the tunnel axis from the ground surface.
Based on Equation 8 and Equation 28, the bend-
ing stiffness of the joint depends on the bending
moment and on the normal force acting on the joint;

the shear stiffness of the joint depends on the relative
displacement of segments on the joint. An iterative
procedure needs to be adopted to analyse the
deformations of the segmental lining along the longi-
tudinal direction.

The FEM model can be calculated on the basis of
the following procedure:

Step 1: calculating the moment M, and the rela-
tive displacement vy of each joint considering JBSE
equal to 1 and the shear stiffness of the joint at its
maximum value;

Step 2: based on Equation 8 and Equation 28, cal-
culating the new bending stiffness and the shear
stiffness of each joint, and also the new moment M,
and the relative displacement v;; furthermore, the
new average value of the moment between M, and
M,, and the relative displacement vy can be
obtained;

Step 3: calculating the new bending stiffness and
new shear stiffness by Equation 8 and Equation 28,
and also the moment M; and the relative displace-
ment v;, where i =2, 3, 4....

Step 4: comparing the new moment ; and rela-
tive displacement v; with the corresponding average
values M;_| and ¥,_7; when the biggest differences
of the moments and the relative displacements are
larger than a specific value, the average value M;
and V; can be obtained and substituted into the step
3 and so on; otherwise, finishing the iterative
procedure.

3.2 The influence of the circular joint stiffnesses

Based on the developed FEM model, the segmental
lining deformation along the longitudinal direction can
be obtained for a real case, with an external diameter
of the tunnel of 8.5m, a thickness of the lining of 0.4m
and a length of the ring 1.6m. The densities of the
slurry and of the segmental lining are 1938kg/m® and
2500kg/m’, respectively; the density of the ground is
1800kg/m® and the depth of the tunnel from ground
surface is 15m. The assumed advancing speed of the
TBM is 0.5m/h, and the hardening time of the slurry is
15h. The material and structural parameters of the con-
necting bolt and of the bolt hole is the same as Table 1
and Table 2. The JBSE and the shear stiffhess of the
joints along the longitudinal direction are shown in
Figure 7 and Figure 8.

From Figure 7, the normal force has a significant
influence on the joint bending stiffness. When the
normal force is equal to 0, the joint has a low bending
stiffness. With the increase of the normal force, the
bending stiffness of the joint also increases. However,
the distribution of the bending stiffness is not uniform,
and the joints close to the fluid slurry zone have low
stiffness values. When the normal force is larger than
SMN, only the first joints have a lower bending stiff-
ness than the rings; most of the bending stiffness
values of joints are close to the one of the ring.

Based on Figure 8, the shear stiffnesses decrease
from the first joint within the fluid slurry zone, and the
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Figure 7. The JBSE value of the joint along the longitu-
dinal direction, for different values of normal forces.
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Figure 8. The shear stiffness of the circular joint along the
longitudinal direction, for different values of normal forces.

values keep as a constant in the solid slurry zone; the
normal force has no effect on the shear stiffness.
Therefore, the thrust force has a slight influence on the
vertical displacements of the segmental lining, while
influencing the bending deformation; the fluid slurry
zone has a significant effect on the uplift displacement.
The influence of the length of the fluid slurry zone is
shown in Figure 9 and Figure 10, where the hardening
times of slurry are taken 1h, Sh, 10h and 15h
separately.

In Figure 9 the joints show a significant displace-
ment than rings: it means that the uplift displacement
of segmental linings is caused by the relative displace-
ments of joints in the fluid slurry zone. In Figure 9 the
hardening time of the slurry has a significant influence
on the vertical displacements of segmental lining.
When the hardening time of the slurry is reduced, the
buoyancy phenomenon in the liquid slurry decreases
(Figure 10): it causes a reduction of the relative dis-
placement of the first joint as shown in Figure 9.

The density of the slurry is another factor affecting
the buoyancy phenomenon. The vertical displacement
of the segmental lining along the longitudinal direction
is shown in Figure 11 with different slurry densities.

From Figure 11, the vertical displacements of the
segmental lining along the longitudinal direction
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Figure 9. Vertical displacements of the segmental lining
for different slurry hardening times varying the distance
from the TBM tail.
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Figure 10. The shear forces on the segmental lining for dif-
ferent slurry hardening times varying the distance from the
TBM tail.

decrease with the decrease of the slurry density in the
fluid slurry zone. The reduction of the vertical displace-
ment increases when the density of the slurry varies
from 1600 to 1200kg/m> and from 1200 to 800kg/m>.

Based on the results of Figure 9 and Figure 11,
reducing the hardening time and the density of the
slurry is a useful technique to decrease the uplift dis-
placement of the tunnel lining.

4 CONCLUSIONS

Focusing on the nonlinear behaviour of segmental
lining joints, calculation methods for the bending
stiffness and shear stiffness of circular joints are dis-
cussed, and the effect of the slurry presence on the
segmental lining deformation along the longitudinal
direction is analysed.

1. The bending stiffness of joints is discussed, and
the a calculation method is developed. The bend-
ing stiffness of joints is determined by the normal
forces and the moment applied on the joint: the
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Figure 11. Vertical displacements of the segmental lining
with different slurry densities varying the distance from the
TBM tail.

value of the bending stiffness decreases with the
increase of the moment.

2. A simplified method for the evaluation of the
joint shear stiffness with a single bolt is devel-
oped. Considering that the shear stiffnesses of
inclined bolts are not uniform, the equation of the
shear stiffness of a circular joint is proposed.
Based on the calculated results of the shear stift-
ness, the joint shear stiffness increases with the
relative displacement of the joint.

3. Considering the nonlinear behaviour of joints,
a FEM model based on the Timoshenko beam
theory is introduced and an iterative procedure is
adopted to calculate the segmental lining deform-
ation along the longitudinal direction. The FEM
model can successfully evaluate the deformation
of the rings and the joint separately.

4. Based on the calculated results, the normal force
shows an obvious influence on the bending stiffness
of joints, but no effect on their shear stiffness. The
vertical displacements of the lining are mainly
influenced by the relative displacements of the
joints. Furthermore, decreasing the hardening time
and the density of the slurry the vertical displace-
ments of the segmental lining can be reduced.
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