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Abstract Segmental lining is subject to signifi-
cant upward buoyancy forces when a grouting mate-
rial (slurry), initially fluid, is adopted to fill the gap
between its external profile and the wall of a tunnel
excavated with a TBM machine. The analysis of the
effects of these forces is important in order to cor-
rectly dimension the segmental lining and avoid
damage to the lining and subsequent costly mainte-
nance and restoration actions. Given the complex-
ity of the behavior of a segmental lining consisting
of segmental rings and circular joints that alternate
in the longitudinal direction of the tunnel, a specific
numerical model has been implemented, adopting the
Finite Element Method (FEM). This model is able to
obtain the development of the vertical displacements
of the segmental lining starting from the TBM tail,
together with the bending moments and the shear
forces induced inside it. The developed model is able
to assess the risks of breaking and damaging the con-
crete and steel bolts that are used to connect the seg-
mental rings at the circular joints; therefore, it repre-
sents a useful design tool for being able to correctly
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dimension the segmental lining also in relation to
the risks produced by the appearance of considerable
buoyancy forces around it, due to the presence of the
initially fluid filling material. The proposed numeri-
cal model was applied to a real case (Ningbo metro
tunnel) and allowed to obtain satisfactory results
from the comparison of the calculated displacements
with in situ measurements. Some sensitivity analyzes
developed on the studied case have made it possible
to detect which are the influencing parameters that
have the greatest impact on the behavior of segmental
lining in the presence of the studied buoyancy forces.

Keywords Shield tunnels - Segmental lining -
Buoyancy phenomenon - Finite element method
(FEM) - Lining deformation - Joint behaviour

1 Introduction

Due to the advantages of undisturbed urbanised sur-
face, cost-effectiveness of excavation, low settle-
ment risks of the structures surrounding the tunnel,
improved safety conditions, Tunnel Boring Machines
(TBMs) has been widely used in the last decades to
construct tunnels in the metro, highway and railway
systems (Dastjerdy et al. 2018; Innaurato et al. 2011).
The use of TBMs generally requires the insertion of
a particular type of tunnel support structure: the seg-
mental lining (Fig. 1) (Do et al. 2013, 2014, 2015;
Zabheri et al. 2020).
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Fig. 1 Segmental lining of
a tunnel. Key: a isometric
view, b inner view of a
completed tunnel, ¢ seg-
ments stacked in the con-
struction site before their
insertion inside the tunnel

However, the occurrence frequency of cracking,
leakage and dislocation phenomenon of segment lin-
ings is increasing during the construction stage (Han
et al. 2017): corner cracks and longitudinal cracks are
the main types of damage of the concrete segmental
lining (Xu et al. 2019). The overall stiffness and the
plastic bearing range of the structures will be reduced
with the appearance and extension of cracks (Wang
et al. 2020).

The main reasons of cracks formation in segments
are concluded by Wu (2004). Apart from the produc-
tion and the transportation and the segment quality
(15.2%), the other factors are determined by the exca-
vation progress during the construction period, which
includes the assembling quality of the segment itself,
the jacking forces, the synchronous grouting pressure,
and the attitude deviation between shield machine
and segments. Ye et al. (2020) also indicate the three
main construction actions that frequently produced
longitudinal cracks, including the invasion of shield
tail at small curvature radius tunnel, the jack thrust-
ing of large shield tunnel, the unsymmetrical pres-
sure from the backfill grouting pressure. Compared
with the loads acting on the tunnel lining at the ser-
vice period, the loads and the constraints during the
construction period are more complex and variable
along the longitudinal direction of the tunnel and are
applied by the jack system, shield tail wire brush,
slurry and ground (Fig. 2).
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Fig. 2 Main loads applied to the segmental lining during the
construction stage

In order to more precisely understand the damage
process of segmental lining during construction, the
deformation and the stress state of the segmental lin-
ing along the longitudinal direction need to be ana-
lysed. With the application of external loads on the
tunnel lining, an uneven displacement is detected along
the longitudinal direction and it will cause opening
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of circumferential joints, dislocation of the adjacent
segment rings and damage of segment lining (Huang
et al. 2012; Liu et al. 2021a, c; Wang et al. 2014). So,
when solving the lining deformation problem, the first
key point is to find a model which can represent the
structural performance. Especially, it could express
the stiffness of the segmental lining before and after
any deformation, because the segmental lining is con-
nected by the steel bolts along the circumferential
and the longitudinal direction, and the stiffness of the
joints is affected by the contact pattern. The uneven
displacement is more common during the shield tun-
nel construction, which was led by the restraint forces
from the shield shell, liquid slurry in the gap between
the tunnel wall and the outer border of the lining and
different ground strata surrounding the tunnel (Talmon
and Bezuijen 2013). The determination of the loads on
the lining during the construction is another key point.
In the analysis of the longitudinal deformation of a
tunnel segmental lining, the circular joint behaviour is
critical (Cheng et al. 2021, 2020; Li et al. 2019; Liao
et al. 2008; Liu et al. 2021a; Wu et al. 2015, 2018).
Based on the beam theory, Shiba et al. (1988) simpli-
fied the segmental lining as a continuous beam with
a reduced stiffness due to the presence of joints, but
the influence of the segments and the joints separately
on the damage of the segmental lining cannot be dis-
cussed using these simplified methods. Koizumi et al.
(1988) proposed the beam-spring model to study the
segmental lining along the longitudinal direction; they
simulated concrete annuli and circumferential joints
using short beams and three dimensions springs ele-
ments respectively. However, the computational com-
plexity of the model and the difficulty in determining
the spring stiffnesses restricted the application of this
model (Wu et al. 2015). In order to evaluate longitu-
dinal differential deformations and stress states inside
concrete segments, a 3D discontinuous contact model
was built considering both the circumferential contact
and longitudinal contact (Arnau and Molins 2012;
Chaipanna and Jongpradist 2019; Liu et al. 2021b, c).
However, the 3D model has a very complex initial con-
figuration and also is time-consuming during the cal-
culation and for these reasons is not friendly for a quick
evaluation in the engineering design stage. Therefore,
developing a new model which can represent the effect
of the individual joint, and can be resolved quickly
is necessary and useful for the analysis of the lining
deformation (Peila et al. 1995; Spagnoli et al. 2016).

Accompanying the excavation by the cutting head,
the segments are fixed and connected by bolts under
the protection of the shield shell, and come out of the
shield tail with the TBM advancement. Due to the
gap of the diameter between the cutting wheel and the
precast concrete segments, there is always an annu-
lar gap around the lining, which can be filled with a
synchronous grouting material (Wang et al. 2019) (the
traditional solution). Based on requirements of the
long-distance transportation and the alternative pro-
cess of TBM advancement and segment assembly, a
high flowability, stability and pumpability and the fast
development of strengths need to be fulfilled by the fill-
ing material (slurry) (Youn and Breitenbiicher 2014).
However, the desired workability before grouting and
the strength development after grouting are contradic-
tory requirements for a slurry (Youn and Breitenbiicher
2018). The two-component slurry is used in order to
obtain a fast development of the strength and stiffness;
the material A, which is composed of cement, benton-
ite, fly ash, et. al, is mixed with the material B, which
is composed of an accelerator admixture (sodium sili-
cate and water) (Todaro et al. 2020). However, there
is a high requirement for technology and equipment
in the two-component slurry compared with the tradi-
tional grouting, due to the mixing procedure inside the
grouting hole. Nowadays about 80% of TBM tunnels in
China (a preliminary estimation based on a synthetic
survey) uses the single-component grouting mortars as
the synchronous grouting material (Liang et al. 2022),
in order to assure a lower risk of grouting pipe block-
age, lower requirements of equipment and also to avoid
operation difficulties. Because the increase of the set-
ting time of the filling material and the speed of the
TBM machine lead to an increase of the length of the
liquid slurry, which further increase the uplift risk of
the tunnel lining (Peila et al. 2011); finding the rela-
tionship between the applied loads by the slurry on the
segmental lining and the main influencing parameters
is important to analyse and control the segmental lin-
ing damage.

In the still liquid portion of slurry, near the TBM
tail, the segmental lining is subject to some huge
forces directed upwards due to the buoyancy effect.
These additional applied forces produce bending
moments and shear forces along the longitudinal
direction of the segmental lining; this state of stress is
added to the stresses produced by the radial pressure
applied by the slurry and by the ground surrounding
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the segmental lining. Therefore, to assess the risk of
damage to the segmental lining during the construc-
tion phase of the tunnel, the buoyancy effect and the
development of bending moments and shear forces
along the longitudinal direction of the segmental lin-
ing cannot be neglected.

A specific numerical approach to the upward
uneven displacement of the tunnel lining along its
axis and during construction, due to the buoyancy
effect, is presented in this paper. The proposed
approach is able to evaluate the risk of damage
of the segmental lining on the basis of a specific
developed Finite Element Method (FEM) model
(Pelizza et al. 2000). The model is able to quickly
determine the trend of bending moments and shear
forces, as well as vertical displacements, along the
axis of the tunnel starting from the initial zone of
the segmental lining, close to the TBM tail. Thanks
to the evaluation of the induced stresses, it is then
possible, from the comparison with the concrete
strength values, to determine the safety factors with
regard to the possible damage and to understand
the level of risk that the segmental lining may be
exposed during the construction of the tunnel.

2 The Buoyancy Effect of the Segmental Lining
Inside the Liquid Slurry (Grout) Close
to the TBM Tail

2.1 The Evolution of the Physical and Mechanical
Characteristics of the Slurry Versus Time
(Hardening Time)

Due to the hydration process, mechanical charac-
teristics of the slurry will change over time and the

restraint of the lining by the slurry has an uneven
intensity (Chen et al. 2018). Due to the wide use of
slurry, the parameters used to describe its physical
and mechanical characteristics are available in the
scientific literature. The parameters can be divided
into two types: (1) fluidity, hardening time, bleed-
ing rate and viscosity for fluid slurry; (2) compres-
sive strength, flexural strength, shear strength, bulk
shrinkage rate, scour resistance and durability for
solid slurry (He et al. 2020; Liang et al. 2022; Mao
et al. 2020). The hardening time and the strength are
the main characteristics of a slurry. The composition
of the slurry has a great influence on its characteris-
tics (Mao et al. 2020), such as the accelerator admix-
ture shortening the hardening time (Todaro et al.
2020). Some tunnel construction cases were collected
and the main slurry parameters are listed in Table 1.

From Table 1 it is possible to see how a slurry con-
sistency of about 8-12 cm and a bleeding rate less
than 5% are generally required. The hardening time
is about 3—18 h based on the geological of surround-
ing ground and considering the transportation and the
diffusion process of slurry; many projects require a
hardening time of less than 10 h. The slurry compres-
sive strength is about 0.1 MPa on the 1st day, about
0.38 MPa on the 7th day, and about the strength of
the surrounding ground on the 28th day.

In order to control the hardening time and strength,
the effects of composition of slurry on its charac-
teristic was also studied. Some results are shown in
Table 2.

According to Table 2, the hardening time is about
3—15 h, and the strength is about 1 MPa on the 3rd
day from slurry mixing, and about 5 MPa on the 28th
day, based on indoor tests.

Table 1 Main slurry parameters for some tunnel construction cases known in the scientific literature

Consistency  Bleeding rate Hardening Compressive strength (MPa) Shield tunnel case Reference

(cm) (%) time (h)

/ <5 12-18 / >2(28d) South-to-North Water Liang (2006)
Transfer Project

8-12 <5 3-10 >0.15(1d) >1.5(28d) / Liang (2009)

8 <14 6-10 >0.38(7d) >1.65(28d) Suzhou metro Line 2 Yu (2011)

8-12 <5 / >0.2(1d) >2.5(28d) Diversion tunnel You et al. (2012)

9-11 / 3-10 >0.1(1d) >2.5(28d) Nanchang metro Line 4 Dong et al. (2021)

The parameters are tested on the basis of the Chinese Standard (China 2009)
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Table 2 Physical and

. T Composition of the slurry (kg/m?) Harden-  Strength  Specific Reference
mechanical charac.terl.stlcs ing time  (MPa) mass (kg/
of the sl.u‘rry, varying its (h) —
composition C F S B W A 3d 28d
91 365 920 20 320 O / 09 53 1875 Tian (2007)
91 365 920 O 320 456(1) / 0.8 43 1862 Tian (2007)
125 275 780 60 365 O / 12 52 1723 Tian (2007)
160 270 900 70 400 2.65(2) 3.6 / 52 1750 You et al. (2012)
160 270 900 70 400 3.44(2) 45 / 63 1760 You et al. (2012)
150 352 837 52 433 0 5.0 / 375 / Liang (2009)
C cement, F Fly ash, § 240 352 837 52 309 O 3.6 / 10.1 / Liang (2009)
sand, B bentonite, W water, 187 313 770 375 375 4.25 15.0 / / / Liang (2006)
A admixture, (/) HBP-5, (2) 200 300 1000 45 300 2.5 50 I Liang (2006)

HT-HPC

2.2 The Buoyancy Effect of the Segmental Lining in
the Fluid Zone of the Slurry Close to the TBM
Tail

In general, the segmental lining is wrapped and
loaded by the slurry and the surrounding ground.
Based on the Archimedes’ principle, the buoyant
force (an upward vertical force per meter along the
longitudinal direction of the tunnel), g,,,, is equal to
the weight of the liquid replaced by the body, and can
be calculated by the surface integral approach. A sim-
ply method is the pressure gradient:

Qoo = 8 7 - R? (1

where g is the vertical pressure gradient of the slurry,
R is the external radius of the segmental lining.

During the construction of the Sophia Rail Tunnel,
Bezuijen et al. (2004) measured the vertical pressure
gradient and found that it was less than the volumet-
ric weight. The researchers gave three reasons for
this difference: firstly, the downward flow of slurry
will lead to a pressure decrease to maintain the flow;
secondly, the measured gradient is influenced by the
moments of the lining which is connected to the TBM
and to adjacent segment rings; thirdly, the rheological
properties of slurry also influence the measured val-
ues, and the dewatering will improve the yield stress.
For these reasons it is difficult to obtain accurate
buoyant force values by field testing.

Based on the Fluid Mechanics (White 2011), the
buoyant force can be simply estimated by the specific
weight of the slurry and the volume of the segment
lining (Eq. 1), where the vertical pressure gradient

of the slurry, g, is equal to the specific weight of the
slurry, y,;. Due to the slurry viscosity (that is low at
the initial stage) and the very slow displacement
velocity of the segment lining, the resistance can be
neglected and the buoyant force is the main lateral
load applied to the segment lining. So, regarding the
initial stage of slurry, the vertical load on the segment
lining,q, can be obtained under the influence of seg-
mental gravity:

T T
CIZ}’SI'_‘Dz

—_— o —_ 2— —_— 2
n Yeon™ 7+ [D? = (D= 207]

@
where y,,, is the specific weight of concrete, D and ¢
are the external diameter of the lining and its thick-
ness, respectively.

However, with the increase of time, the viscosity of
the slurry (when it is fluid) and strength (when solid)
also increases gradually (Mahmoodzadeh and Chidiac
2013). Due to the considerable resistance toward the
segment’s movement of the hardening slurry together
to the surrounding ground, the longitudinal vertical
section can be divided into two zones: the fluid slurry
zone and the solid slurry one (Fig. 3). The presence of
the solid slurry can be represented by vertical springs
(Winkler springs) able to react to the upward move-
ment of the segmental lining (the segmental grav-
ity and the pressure due to the self-weight of slurry
and ground are neglected). Winkler springs are often
adopted in order to simulate the interaction between
the soil/rock mass and a support/reinforcing structure
(Oreste 2013). Because of the upward movement of
the segmental lining in the fluid slurry zone and the
gradual hardening of the slurry, the initial position of
segments at the beginning of the solid slurry zone is

@ Springer



746

Geotech Geol Eng (2023) 41:741-758

Fig. 3 Vertical longitudinal L Fluid slurry P Solid slurry <
section of the segmental I~ T . . “1
lining close to the TBM Interaction ground-slurry-lining

tail. In the fluid slurry zone
buoyant forces are applied
to the segmental lining;

in the solid slurry zone,
Winkler springs simulate

and the surrounding ground
to the movement of the
segmental lining

Tunnel wall

seigment|(grayvit
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assumed to be equal to the vertical displacement of the
final segment of the fluid slurry zone.

2.3 The Fluid Slurry Zone and the Boundary
Conditions of the Lining

The length of the fluid slurry zone is influenced by the
average speed of the TBM machine and by the hard-
ening evolution of the slurry. The speed of the TBM
machine can be calculated by the total time required
to complete a ring, including the excavation time and
the segment assembling time. The hardening time
of the slurry can describe the transformation from
fluid to solid: the specific test JGJ/T 70-2009 (China
2009) with the penetration resistance method permits
to define the hardening time as the time related to a
value of the penetration resistance of 0.5 MPa. Then,
the length d of the fluid slurry zone can be obtained
by:

d=v-1 (3)

where v is the gross average speed of the TBM
machine, f, is the hardening time of the slurry.

The first segment is inside the shield, and is con-
strained by the shield tail brush: no displacements
neither rotations can be admitted to this extreme of
the lining. No other types of constraints are present
along the lining in the longitudinal direction.

3 A Specific FEM Numerical Model to Study
the Effect of Buoyancy Forces on the Segmental
Lining

The longitudinal representation of the segmen-
tal lining is simulated through the use of the Finite

@ Springer

Element Method (FEM). The developed model is
able to simulate the presence of the lining rings and
the circular joints, considering the vertical buoy-
ant forces applied by the fluid slurry and the reac-
tion to the vertical displacements by the solid slurry
together with the surrounding ground. The reference
section is the one shown in Fig. 4. In the model,
each single lining ring is represented by 4 mono-
dimensional elements each 29 cm long; the circular
joint is also represented with a mono-dimensional
short element, 4 cm long (Fig. 4). All the mono-
dimensional elements that represent the structure
(lining rings and circular joints) are connected in
series through nodes, to which the buoyant forces
and the reaction forces by the solid slurry and the
surrounding ground are applied. These reaction
forces are represented by independent elastic springs
(Winkler springs) and linearly depend on the verti-
cal displacement of the lining.

The local stiffness matrix [kE],- of the generic i
mono-dimensional element is multiplied by the nodal
displacements (vertical displacements v and rotations
0) in order to obtain the nodal forces (the sum of the
transversal force V and the bending moment R). The
transversal force V at the fluid slurry zone is equal to
the vertical load g on the segment multiplied by the

average length [, ; of elements adjacent to the node i

on both sides, I,,; = (I,_; +1;)/2, where I,_y, [, L,

13

are the length of element i — 1, i, i + 1. The transversal
force V at the solid slurry zone is equal to the Winkler

spring stiffness k,, multiplied by the vertical displace-
ment of the node, vy, which is the last node of the fluid
slurry zone, and by the average length of elements
adjacent to the node. Due to the vertical displacement
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constraint by the TBM tail

Node i Element i

v \_/
— ] 7‘7‘7“

lining ring R T

short element

Fig. 4 Adopted scheme of the longitudinal FEM model of the
segmental lining in the fluid slurry zone and in the solid slurry
one. Standard elements are used to simulate the segment rings

vy influencing the nodal forces, an iterative calculation
procedure needs to be implemented.

Vhi Vi
O, Ry

[kE] i’ Vj,i - Vj,i (4)
0, R;;

where the subscript i refers to the initial node, the
subscript j to the final node of the generic i element.

12 6/ —12 6l
) <2l o AR —6l 2P
i= | 212 26l 12 -6l ®)
6 22 —6l 4P

where E and I are the elastic modulus of the mate-
rial (concrete) and the inertia moment of the element
cross-section for a standard element, respectively; /
is the length of the standard element. However, for a
short element, EI is equal to the equivalent bending
stiffness of the joint (EI),,, [ is equal to the length of
the assumed short element [, ...

In order to consider also the influence of the shear
deformability of the lining, the local stiffness matrix is
modified based on the following equations:

reaction forces by the solid

slurry and surrounding ground

A AN

standard element

and elements of a reduced length (short elements) to simulate
circular joints

[k]i,a [k]i,h
12 6l 12 6l
B T
_ 1+® 14+
[kE] i 1_3 _1+fp lfpsl i7 _+ 6l (6)
I+ _ 140  1+® 1+®
6 2-d P 0 ard
1+® 1+ 1+ 1+
[k][,c [k]i,d

where [k]; ,k]; lk]; 1K]; 4 are the 2X2 sub matrices
of [kE]i, @ is the ratio between the bending stiffness
and the shear stiffness, and is equal to:

12 - EI

T kG-Ap P )

where G is shear elastic modulus of concrete, & is the
shear coefficient of Timoshenko’s beam and is equal to
2(1+ ve,)/ (44 3v,,,) considering the lining as a
thin-walled tube (Cowper, 1966), v,,,, is the Poisson’s
ratio of concrete, A, is the lining cross-section area
(perpendicular to the tunnel axis). Similarly, the equiv-
alent bending stiffness (EI),, and the equivalent shear
stiffness (kG - AT)eq of the circular joint were used to

obtain the local stiffness matrix for the short element.

The global stiffness matrix [K] is obtained by com-
posing the local stiffness matrices along the diagonal,
adding together the overlapping terms:

LY 0 0 0 0 S, F,
kie kig+ky, ko 0 0 0 Sy Fy
0 k. ky g+ ks ks.p 0 0 S; F ®)
0 0 ke kygtky, 0 0 s, |=| F
: : : : 0 0 : :
0 0 0 0 kn—l,d + kn,a kn,b Sn Fn
| 0 0 0 0 kn,c kn,d_ _Sn+] . _Fn+l i
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where k; , means [K]; ;; S, Sy, ...
tors displacement of each node from the first (on
the TBM tail, Node 1) to the final one (Node n+ 1);

S; = [v,- 0, ]T, v; and 0; are the vertical displacement

S+ are the sub vec-

ia

and rotation of node i; F|, F,, ... F,

.+ are the external

forces applied at each node, F; = [ V; R, | " V. and R,
are the transversal force and the bending moment of
node i, respectively.

Considering the effect of normal interaction
springs in the nodes of the solid slurry zone, only
some values of the global stiffness matrix [K] are
modified along the diagonal (alternatively the ele-
ments of the diagonal starting from the first to the
penultimate). Based on the relationship between the
reaction pressure and the transversal displacement
of a circular element surrounded by the ground, an
adding term of [kw]i’a has to be considered and

added to the sub matrices [k]; , of [K]:

k,, - av,i
e[

where k,, is the Winkler spring stiffness of the solid
slurry and the ground, and is equal to the ratio of
q,/6,, where g, is the ultimate uplift resistance of the
solid slurry and the surrounding ground to the lining
vertical movement, and 6, is the ultimate displace-
ment value, equal to 0.02¢D for shallow and medium
buried tunnels, according to Gong et al. (2018).

T
QM=D'h0'7G_§'D2'7G (10)

where A, is the buried depth of the tunnel axis, y; is
the bulk density of the ground.

The segment rings are connected by circular joints
with bolts; the stiffness of these circular joints is
lower than the stiffness of the segment rings. In order
to correctly analyses the behaviour of a segment lin-
ing, it is necessary to evaluate with a certain precision
both the equivalent bending stiffness and the equiva-
lent shear stiffness of the mono-dimensional element
that represents the circular joint (short elements in
Fig. 4). These equivalent stiffnesses are influenced by
the type of joint, such as the number and the diam-
eter of the steel bolts. Moreover, the contact area of
two adjacent segments is influenced by the axial force
N applied by jacks on the first segment ring at the

@ Springer

TBM tail; equivalent stiffnesses of the circular joints
increase when the applied axial force increases.

The evaluation of the circular joint equiva-
lent stiffnesses has been developed based on the
Timoshenko beam model, considering the yield
state of bolts (Cheng et al. 2021; Liao et al. 2008):

With reference to the bending stiffness of the
joint, it is possible to evaluate the minimum value
of the equivalent elastic modulus E* of the one-
dimensional element that represents it (short ele-
ment), in the absence of the axial force N applied
by the TBM:

Lpor
Ef=E. short . :
M, cosp+ (/2 + @) - sing

cos’p

QY

where [, is the bolt length, A is a coefficient that is
multiplied by /, in order to obtain the influencing
length of the joint, Al,, and is about 0.5 based on the
research of a shield tunnel in Shanghai metro, China
(Xu 2005). The influencing length Al, is difficult to
obtain based on a precise equation; [, is assumed as
the projection length of the curved bolt (0.4 m with
an arc length 0.53 m for the cited case) so as to get
the minimum value of the equivalent elastic modu-
lus. For the purpose of knowing the influence of the
equivalent bending stiffness on the behaviour of the
segmental lining, a sensitivity analysis was carried
out in the paragraph 5. Here, ¢ is the angle describ-
ing the location of the neutral axis (Cheng et al. 2021;
Liao et al. 2008):

o+ cotp=1- <1+w> a2
2" E-A;

where 7, is the number of bolts connecting the circu-
lar joint, E, is the elastic modulus of the steel bolt, A,
is the cross-section area of the bolt, A, = (z/4) - o2,
@, is the bolt diameter, A; is the cross-section area of
the segmental lining, A; = (7 /4) - [D2 — (D - 2t)2], t
is the lining thickness.

Li et al. (2019) researched the influence of the lon-
gitudinal axial forces N on the bending behaviour of a
circular joint, using the following ratio parameter w:

N-r
w =
2-M

13)

where N is the axial force applied by the TBM jacks
to the segmental lining, M is the bending moment
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induced in the circular joint by the applied buoyant
forces, r is the distance between the longitudinal bolts
and the tunnel axis.

The effective value of the equivalent elastic mod-
ulus of the short element can be determined by the
following expression as the w varies, and therefore as
the force N applied by the TBM varies:
E,=E"+(E-E) -« (14)
where « is a dimensionless coefficient from 0 to 1,
and its value depend on the parameter w:

As regards the shear stiffness of the short element
representing the circular joint, it is possible to write
the following expression (Cheng et al. 2021) for the
product (kG - A7) equivalent:

2

eq_u

a =@ o < I(case of an open joint)

a =1 w > 1(case of a closed joint) (13)

(kG - Ar) (16)

short
max

where Q is the ultimate shear force of the circular
joint when the bolts reach their limit shear stress:

17
T a7

b T (IDi -0y
o, is the steel yield stress of the bolt. u,,,, is the maxi-
mum relative displacement of the circular joint, when
the ultimate shear force Q is reached in the circular
joint. This displacement is the sum of the gap dis-
tance between the bar and the hole where it is inserted

Fig. 5 The applied loads
and the stress state in the

N T T

and the deformation of the bolt when a shear force is
applied on it:
) (18)

where ¢, is the diameter of the bolt hole, k, is
Timoshenko shear coefficient of the bolt (for a cir-
cular section: k, = 6(1 +v,)/(7T+ 6";:) (Cow-
per, 1966)), G, is the steel shear elastic modulus,
Gy =E,/(2(14vy)), vy is the Poisson’s ratio of
steel.

Proceeding with the substitutions, the equivalent
shear stiffness of a circular joint can be obtained:

Q

= - + 1, -t e
s = (8= 91) 1 an(”b'kb'csr‘Ab

\/§~nb~7r-tl>§~0'y

(kG-4y)
16+ | (¢ — bp) +1, - zan<4§kf%

eq:

4 Analysis of the Risk of Damage of the Lining
on the Basis of the Induced Global State
of Stress

Based on the developed numerical model, the bend-
ing moment M and shear force T in the segmental lin-
ing along the tunnel axis can be obtained. And then,
the stress state in the concrete and in the connecting
bolts of circular joints is calculated combining the
normal force N applied by the TBM jacks and the
radial pressure of slurry p on the outer border of the
lining in the fluid zone (Fig. 5).

brd | "\
\\\l!//

segmental lining. Key: a Ol
longitudinal view, b trans- ~ 26 92.é N
versal view. Six different | Or T N Or «
critical points are shown y ' - y -—
where the stress state has z '
been evaluated ® . 4@ o
3(4) X 3
1 /' -
1
1
segment joint\_ | 6 -~ 6 N
: TF A
ottt A
(a) (b)
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In order to evaluated the maximum principal stresses
in the segment lining, six special points were chosen to
develop the calculation (Fig. 5). The main procedure
can be concluded in four steps. Firstly, the special trans-
versal sections can be chosen based on the distribu-
tion of moments and shear forces along the tunnel axis
(Para. 3). Secondly, the special points are defined in the
transversal sections (point from 1 to 6). Thirdly, com-
bining the force N and T, the moment M and the pres-
sure p, the stress state is there calculated. Finally, the
damage risk level of the segment lining can be obtained
by comparing the principal stresses with the concrete
strength or the steel yield stress.

4.1 The Stress State Inside the Segment of a Lining

Based on the mechanics principles and using a cylin-
drical coordinate system, the stress state of a point
can be described by the longitudinal normal stress o,
the radial normal stress o,, the circumferential normal
stress og.

The longitudinal normal stress of the segment is
obtained from the axial force and the bending moment
of the transversal section.

_N M

O'_L—A 7 r

(20)
Based on the Lamé’s equations and considering the
existing boundary conditions, the radial normal stress

o, and the circumferential normal stress oy can be
obtained using the following equations:

oc,=p r=R
{6,=0r=R—t @D
24 (R—
69 =D zztgg_gz r=R
2R 22)
Oy =P % s r=R-—t

4.2 The Stress State of Segments Joint

When a circular joint rotate due to a moment, the con-
tact face can be divided into two zones: the compres-
sion zone and the detached one (Fig. 6b). Due to the
opening of the joint, the normal stress in the detached
zone is zero, and the compressive stress in the bolts of
the compression zone are also equal to zero. Therefore,
the absence of a normal tensile stress in the joint will
lead to an increase of the compressive stresses in the
concrete with respect to the state of stress of the trans-
versal section of the segment.

The deformation of a circular joint can be described
by the rotation angle 6 and the location of the neutral
axis y, (Fig. 6a). Based on the assumption that the
joint contact face remains a plane after the deforma-
tion, the stress state on the concrete can be obtained,
together with the tensile stress state of all the bolts in
the detached zone.

The tensile stress of the generic bolt i (c,,;) can be
obtained by the strain and the steel elastic modulus
when the bolt stress is less than the yield stress

2. (yz _yn) : tan(G) )

Gy.

G, = 1 . 23)
b
Fig. 6 The tensional and Ap oy 172
deformative condition of eH
a circular joint when a A—— N bolt
bending moment M and a -1 t e ® o J
normal force N are present bolt
. M ° 9 °
(case of 16 bolts connecting T P’
the circular joint). a longi- ° detached zone [
tudinal view, b transversal D
view N ® I3 °
b . neutral axis o
/, :\3 Vi - compression zone &
Y / % P y _1 f_. Yn
/ E‘\ —_— 1 — v,
e I ——.i.—— !
z —' A I_>._ 77777777777

=
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where y; is the location of bolt i with respect to the
origin, y, is the location of the neutral axis.

The trend of the normal stress at the contact face
in the compression zone can be assumed linear by the
following expression:
c.=0c . M (24)

cj ¢,max
' Yn

where y; is location of the calculation point. The max-
imum compression stress o, ,,,, can be determined by
considering the displacement of the extreme point of
the compression zone and the stiffness of the concrete
face of the joint k.

Ocmax = kc Y, - tan (@) 25)

where: k_ is the compression stiffness of the joint face
based on the Winkler theory (Canadian Geotechnical
Society 2006), which can be estimated by the follow-
ing expression:

4.G

k. =
TR, (1-v,,) (26)

where R,, is the equivalent radius obtained by the

ratio /A, /7, A, is the area of compression zone of
the circular joint.

The angle 6 and the value of y, are determined
on the basis of the bending moment M and normal
force N acting on the considered circular joint: they
are varied in an iterative procedure till to reach the

condition for which the compressive stresses in the
contact zone of the joint and the tensile forces in the
bolts produce the same moment M and the same nor-
mal force N acting on the joint.

The compressive stresses in the contact zone
are the longitudinal stresses ¢, of the circular joint.
When the area of the detached zone is equal to nil,
the longitudinal stresses of the circular joint are cal-
culated using the equation for the segment. The radial
stresses and circumferential ones can be calculated in
the same way previously described for the segment.
Because the stress state of point 1 and 5 is at its maxi-
mum level of the cross section (Fig. 5), and there is
no shear stress at these two points, the equation of a
shear stress is not present. Table 3 list the equations
of the stress state of the critical point.

4.3 The Determination of the Safety Factors

Based on the stress state evaluation in the concrete
for segments and circular joints, the three principal
stresses (o, 0,, and o3;) are determined; a greater
interest exists in the evaluation of ¢, and o5

0; = max (U,, Oy, UJ_) 227)

03 = min (O'r, oy, O'J_) (28)

In fact, considering the concrete strength subjected
to the Mohr—Coulomb failure criterion, the limit

Table 3 the equations of the stress state for the six critical point in the segmental lining

Point No o, oy 0,(Closing joint and Segment) o ,(Opening joint)
1 p  R+@®R-1)? N_M B 0
R2—(R—1)* Ayg 1
2 0 Y N_M g (,—2R+1)
P R—(R—t)? Ar 1 (R—1) Ocmax * T Yn > 2R—1
3 R+R-1? N (=R
P p- R—(R—1) Ar Ocmax * )_ Yn > R
4 0 LR N 0.=R)
p R —(R—1) Ay Ocmax * T Yn >R
5 RP4+(R-1)" N M o
p p- RZ—(R—t)Z A + 7 R c,max
6 0 2R N M o p_ Gu=1)
P R—(R—1)? Ar + 1 R=1 Ocmax * = Yn > 1

Yn

Where the compression zone is assumed below the neutral axis and the detached zone is above it. If the joint opens with the applica-
tion of the bending moment M and normal force N, the longitudinal normal stress o, is calculated using the equation of the table
when y, satisfied the corresponding conditions, otherwise ¢, is equal to 0. When the joint is closed, the longitudinal normal stress ¢

is calculated using the equation of the penultimate column.
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major principal stress for the concrete can be obtained
from the following equation:

COSP o 1 + sine,,,

1 = sing,,,

Crim=2-¢ o 29)

con 1= SINQ
where ¢, is the cohesion of concrete and ¢, is the
internal friction angle of concrete; the typical val-
ues of the cohesion of concrete (C50 type) is about
25.75 MPa and of the internal friction angle is about
34.25° (Tu et al. 2020).

The safety factor of concrete can be defined by the
ratio of the limit major principal stress divided by the
existing major principle stress.

O1,lim

F.. =
s,con o, (30)

When the circular joint rotates and opens, the bolt
which has a largest distance from the neutral axis in
the detached zone undergoes the maximum tensile
deformation, and is the critical bolt for the safety
evaluations of segmental lining, such as the bolt 9
in Fig. 6. As regards the critical bolts of the circular
joint stressed in traction, it is possible to evaluate a
safety factor with regard to the elastic limit, through
the following equation, knowing the values of 6 and
vy, for the specific circular joint:

oy o, -1,

max (o), ) T2 [(D-1/2) . v,| - tan(9) - E,,’
3D

F s,bolt =

5 Application of the Proposed Model to a Real
Case

The proposed FEM model of the longitudinal analysis
of the segmental lining was applied to a metro shield

tunnel which was excavated by an EPBS (a type of
Tunnel Boring Machine) with a shield tail diameter
of 6.34 m in Ningbo (China). The concrete segmental
lining with a 1.2 m rings width has an outer diam-
eter of 6.2 m and a thickness of 0.35 m. The lin-
ing was made of a C50 concrete (Young’s Modulus
3.45x 10* MPa, Poisson’s ratio 0.167 and unit weight
25 kN/m?). In order to connect the segmental lining
with bolts, bolt holes with a 39 mm diameter was
reserved during pouring. The shield tunnel was built
in a soft soil, and the uplift of the segmental lining
was detectable during the tunnel excavation. Zhou
and Ji (2014) measured this upward movement and
found that the maximum value achieved 120 mm
at some segments. The adopted basic parameters
of bolts are listed in the Table 4, on the basis of the
available documents in the scientific literature (Chen
et al. 2018; Ji et al. 2014, 2013; Ye et al. 2014; Zhou
et al. 2013; Zhou and Ji, 2014).

Based on preliminary field test results, the influ-
ence of the vertical component of jack thrust, of the
pressure chamber and of the advance rate of the TBM
on the lining uplift was insignificant and for this rea-
son these aspects were neglected in the subsequent
analysis; the slurry characteristics, on the contrary,
have a significant influence (Zhou and Ji 2014). The
composition of the adopted slurry include cement,
bentonite, sand, fly ash, quick lime, water and admix-
ture. The quality proportion (kg) of the adopted slurry
is: 100: 300: 2750: 700: 100: 900: 1 (for GCI type);
150: 300: 2750: 650: 100: 900: 1 (for GC2 type), and
250: 300: 2750: 650: 0: 900: 1(for GC3 type). The
slurry properties, the grouting parameters and the
measured uplift displacements of the segmental lin-
ing are listed in the Table 5. The density of the slurry
is about 1938 kg/m® for all the considered types.

The tunnel depth is about 15-16 m from the sur-
face (Ji et al. 2013) and 8-10 lining rings were real-
ised per day: it means that an average excavation

Table 4 Parameters of the longitudinal steel bolts connecting segmental rings at the studied Ningbo tunnel

External Bar Diameter Nominal Stress Area

Equivalent Bar Diameter Longitudinal Projection

Total Arc length (mm)

(mm) (mm?) (mm) Length (mm)

30 561 26.73 400 530

Total number Steel Young’s Modulus  Steel Poisson’s ratio (—) Steel yield stress (MPa)  Steel ultimate stress
(MPa) (MPa)

16 2.06%10° 0.3 640 800
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'l;lable 5 Mailn pr'opertieshof Type of slurry  hardening compressive grouting uplift stabiliz- average uplift
the ac.lopted slurries and the time (h) strength (1d) volume (m3) ing time (h) displacement
grouting parameters (MPa) (mm)

GC1 16 0.06 2.58 35 50.6

GC2 15 0.08 2.72 25 43.6

GC3 12.5 0.11 2.75 20 32.1

speed of 0.4-0.5 m/h was reached (Chen et al. 2018).
An average value of 0.46 m/h was considered in the
calculation with the proposed FEM numerical model.

For the three adopted types of slurry, the trend
of vertical displacements of the segmental lin-
ing was calculated and then it was compared with
the measured average values. A good concordance
was obtained between the calculated values and the
measured ones (Fig. 7).

From the Fig. 7 it is possible to note how, when
the TBM keeps the same average speed, the harden-
ing time of the slurry is a key parameter influencing
the trend of vertical displacements of the segmental
lining. The larger increase in the vertical displace-
ments is at the circular joints (the increase of the
vertical displacements inside each segment is very
small if compared with the joint dislocation), and
the dislocation between two adjacent segmental
rings decreases with the increase of the distance
from the shield tail. Different from the equivalent
continuous beam model approach based on the
Timoshenko beam and the Euler-Bernoulli beam

theory, the proposed simplified FEM model can
correctly evaluate the discontinuous and complex
deformation trend of a segmental lining when buoy-
ancy forces are present close to the TBM tail.

Then, a sensitivity analysis was carried out chang-
ing the TBM average speed, that is a key param-
eter influencing the length of the fluid slurry zone,
together with the hardening time of the slurry. Fig-
ure 8 shows the maximum vertical displacement for
the average TBM speed in the range 0.4—0.5 m/h for a
hardening time of the slurry of 15 h (considered type
of slurry GC2). As to be expected, the average exca-
vation speed has a significant role on the uplift dis-
placements of the segmental lining. Due to the length
of each segment (1.2 m) and the presence of circu-
lar joints along the tunnel axis, the maximum verti-
cal displacement trend is not a straight line. Based on
the measured vertical displacement for GC2 slurry
type, an excavation TBM speed of 0.4655 m/h can
be obtained by the anti-analysis method with the fit-
ted curve. It is possible to see how there is a 34.3%
decrease of the maximum vertical displacement when

Fig. 7 Comparison of the
calculated vertical displace- O~ mmmmm e m e m e m e m e = — = — — — . 50.6
. 0000000000000000000000000000000000 49
ments using the proposed 00000 -
numerical model with the ,E\ S 43.6
measpred values (ZhOU \E/ 40 4 ....‘...:.O..0.0.........O....O......O.... 41.8
and Ji 2014), for the three = 00000
adopted types of slurry ) [YYY 1) 32.1
(GCl, qcz and G(;g,) at % 30 - —.;.—.—‘—';.—:nooonooomoomoomoomoomoo.o 319
the studied case (Ningbo S
tunnel) - Y Y Adddd .
K] YY) - - - Measured displacement values for GC1
S 204 YY) - - - Measured displacement values for GC2
_S | - - - Measured displacement values for GC3
5 $3883 e Calculated displacement values for GC1
> 10 -peeee e Calculated displacement values for GC2
e (Calculated displacement values for GC3
0 T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16
Length (m)
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Fig. 8 Results of the sensitivity analysis of the average TBM
speed in terms of the maximum vertical displacement of the
segmental lining along the tunnel axis (for GC2 slurry type),
using the proposed numerical model

the average TBM speed is reduced by 20% (from 0.5
to 0.4 m/h). However, shortening the hardening time
is another way to control the vertical displacements of
the segmental lining and also the bending moments
developed along the longitudinal direction.

The segments discontinuity is characterized by
the equivalent stiffness values of the circular joints
(equivalent bending stiffness and equivalent shear
stiffness). However, the continuous Timoshenko
beam approach simply considers an equivalent stiff-
ness for the whole lining based on correcting factors
of the stiffness of the concrete segment rings (Cheng
et al. 2021; Wu et al. 2015). In the proposed model,
it is possible to define equivalent stiffness values for
each circular joint of the lining, on the basis of the
induced moments and rotations: where small defor-
mations and rotations are calculated, for example in
the solid slurry zone, the equivalent stiffness of the
joint can be the same of the concrete segment one.
Changing the equivalent bending stiffness coeffi-
cient from 0 (0%) to 1 (100%), the bending equiva-
lent stiffness will enhance from the weak joint stiff-
ness (without any axial force N applied to it), to the
concrete segment stiffness. On the other hand, three
different combinations of bolts (6®16mm, 8®20mm,
10d24mm) were also considered. The maximum ver-
tical displacement of the segment lining with differ-
ent equivalent shear stiffnesses of the circular joint
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Fig. 9 Sensitivity analysis on the equivalent stiffnesses values
of the circular joint for the examined case of the Ningbo tun-
nel in China. Key: the equivalent bending stiffness coefficient a
refers to the two extreme cases of a joint with N=0 (a¢=0) and
of a segment ring (x=1); the equivalent shear stiffness refers
to the studied case (16 bolts with a diameter of 30 mm) and to
other assumed cases. The dashed red line refers to the meas-
ured displacement at the studied case for a GC2 type of slurry,
with a maximum vertical displacement of the segmental lining
close to 45 mm

was also calculated and the results of the sensitivity
analysis is shown in Fig. 9.

From Fig. 9, it is possible to see how the equiv-
alent shear stiffness of the circular joint is a main
parameter influencing the vertical displacements
of the lining. With an increase of the equivalent
shear stiffness, the maximum vertical displace-
ment decreases sharply, till to reach an asymptotic
value on the horizontal axis. When the equivalent
shear stiffness is more than 400MN, the maximum
vertical displacement roughly keeps it steady and
reaches a nil value. The equivalent bending stiffness
of the joint results to have a small impact on the
maximum vertical displacement of the lining. When
the equivalent shear stiffness of the circular joint is
small, the maximum vertical displacement is more
or less the same considering the two different con-
sidered equivalent bending stiffness. On the basis
of this analysis it is possible to assert that the shear
stiffness of the circular joint represents a fundamen-
tal characteristic of the lining able to greatly influ-
ence the behaviour of the segmental lining when
buoyancy forces are present in the fluid slurry zone.
So, in order to control the vertical displacements of
the segment lining, enhancing the shear stiffness of
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Fig. 10 Trend of the bending moments along the segmen-
tal lining (longitudinal direction) of the studied case (Ningbo
metro tunnel), for different values of the jack thrust and types
of slurry. Key: the length is measured by the TBM tail (initial
point of the segmental lining)
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Fig. 11 Trend of the shear forces along the segmental lining
(longitudinal direction) of the studied case (Ningbo metro tun-
nel), for different values of the jack thrust and types of slurry.
Key: the length is measured by the TBM tail (initial point of
the segmental lining)

the circular joints is an efficient aspect of optimiz-
ing the segmental lining.

The normal force is applied by the jack thrust and
can change during the excavation and segment assem-
bling steps. Because the maximum thrust reached in
the studied case was 9.46 MN (Zhou and Ji 2014), the
normal force N applied to the lining was considered
changing from 0 to 9.46 MN. When the normal force
N respectively is equal to 0 and 9.46MN, the bending
moments and the shear forces in the segmental lining
along the tunnel axis are shown in Figs. 10 and 11.
From the analysis of these two figures, the first cir-
cular joint close to the TBM tail has the maximum
shear force and also the maximum bending moment.
The maximum shear force is 2.98MN and 3.05 MN
for the normal force N=0 and N=9.46MN, respec-
tively, and the maximum moment is 9.39MNem and
10.95 MNem (in the case of the adopted slurry type
GC1). The grouting pressure p around the segmental
lining was 0.32 MPa in the fluid zone. When the nor-
mal force is nil (N=0), the maximum tensile stress
in the critical bolt is 504.23 MPa. The calculation
results of the stress state in the segmental lining for
the six critical point is listed in Table 6.

Table 6 shows that maximum compressive normal
stress is 3.2 MPa at the critical point 5 in a circular
joint when the axial normal force N is equal 0, and
the minimum normal stress is -1.05 MPa (tensile
stress) at the critical point 1 inside the segmental lin-
ing when the axial normal force N is equal to 0. So,
these two points are the key point in the studied case
for the safety analysis. Based on the Mohr—Coulomb
failure criterion, the limit stress o, y;,, for a C50 con-
crete can be evaluated in 98.51 MPa (o,=3.2 MPa,
03=0.32 MPa). The safety factor with respect to the

Table 6 Calculation results

Critical ¢,MPa) o¢yMPa) o (MPa)(N=9.46MN, M=10.95 o, (MPa)(N=0, M=9.39
O,f the. s'tress st.ate. for the Point No MNem) (Closing joint and Segment) MNem)
six critical point in the
segmental lining Segment  Opening joint
1 0.32 2.68 0.24 -1.05 0
2 0 3.00 0.38 —-0.94 0
3 0.32 2.68 1.47 0 0
4 0 3.00 1.47 0 0
5 0.32 2.68 2.70 1.05 3.20
6 0 3.00 2.56 0.93 1.65
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damage of concrete on the first circular joint is evalu-
ated by the ratio 98.51/3.2 MPa, that is 30.78. Simi-
larly, the limit stress o j;,, is equal to 93.62 MPa for
the point 1 (6,=2.68 MPa, 6;=-1.05 MPa), and the
ratio of safety factor is equal to 34.93.

Due to the fact that also the maximum tensile
stress calculated in the bolts (504.32 MPa) is smaller
than the steel yield stress (6,=640Mpa, F ;,,,=1.26),
the concrete and the bolts result to be both in a safe
condition for the studied case.

6 Conclusions

Segmental lining is a type of support widely used in
tunnels to ensure stability when a TBM excavation
machine is used. This support structure is made up
of segmental rings and circular joints that alternate
in the longitudinal direction starting from the TBM
tail. A specific material (slurry) is generally injected
between the external profile of the segmental lining
and the tunnel wall, and important buoyancy forces
are applied to the segmental lining where the slurry
is fluid, which cause the lining deformation along
the longitudinal direction, induce the appearance of
bending moments and shear forces along the longitu-
dinal direction from the TBM tail, and can lead to a
damage of the segmental lining.

Due to the type of structure, the analysis of dis-
placements and stresses in the segmental lining is
very complex. In order to effectively study the prob-
lem, a specific numerical model has been developed
with the Finite Element Method (FEM). This numeri-
cal model makes it possible to take into account all
the fundamental aspects of the phenomenon and in
particular the evolution of the characteristics of the
filling material (slurry) in the gap between the exter-
nal profile of the segmental lining and the tunnel wall,
the extent of the forces buoyancy of the segmental
lining, the nature and characteristics of the segmental
rings and circular joints, the speed of the TBM and
the forces applied by the TBM tail to the first lining
ring.

Thanks to the developed numerical model, it is
possible to carry out an accurate assessment of the
stress state in the segmental lining and in the steel
bolts that guarantee the connection between differ-
ent segmental rings. This evaluation allows a correct
design of the support system taking into account all

@ Springer

the aspects that affect the evolution of the displace-
ments and bending moments along the tunnel axis.

The application of the proposed numerical model
to a real case (the Ningbo metro tunnel) made it pos-
sible to compare the results of the calculation with the
in situ measurements, obtaining satisfactory results.
Some sensitivity analyzes developed on the studied
case made allowed to detect the importance of some
parameters on the behavior of the segmental lining,
such as the advancement speed of the TBM, the shear
stiffness of the circular joints and the axial forces
applied by the TBM tail to the first segmental ring.

However, in order to take the advantage of this
model considering the influence of the individual
joints and more accurately analyze the segmental
lining deformation along the longitudinal direction,
a more detailed evaluation for the joint stiffness in
the process of its deformation is necessary in future
studies.
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