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Abstract
In this study, a new 3D numerical model that considers the circumferential joint, longitudinal bolt, grout pressure, jacking force and
the constraint of shield on the linings is developed to derive deeper insights into the lining uplift behavior during shield tunneling. The
numerical analysis is conducted using ANSYS, which is veriﬁed by a case history in soft soils. Revealed by both the measurements and
calculation results, it is found that the lining uplift due to shield tunneling in soft soils can be divided into three stages: dislocation, stretch
and steady deformation stages, respectively. In the dislocation stage, the lining deformation attributes principally to the dislocation
deformation between neighboring linings. In the stretch stage, the lining deformation is mainly caused by the stretch deformation of circumferential joints. The major uplift is caused during dislocation stage. Thereafter, the impacts of shield-driving parameters including
gradient of grout pressure, jacking force and pre-tightening force of longitudinal bolts on the uplift behavior are investigated by a series
of parametric studies. The jacking force during segment preparation and assembly shows the most signiﬁcant impact on the uplift of the
tunnel, while the pre-tightening force of longitudinal bolts shows negligible impact. Finally, the control criterion for lining uplift related
to the allowable dislocation and opening angle of circumferential joints is proposed.
Ó 2018 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society.
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1. Introduction
The shield-driven method has been widely adopted for
the construction of metro tunnels in soft soils due to its
comparatively low impact on existing nearby structures.
The gap between the tunnel lining and nearby soils occurs
as a result of the separation between tunnel lining and the
TBM tail. This is because the diameter of the TBM is larger
that of the outer diameter of tunnel lining. This gap
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releases the constraint of nearby soils on the installed lining, which generates the available space for lining uplift
or other displacements. Consequently, the gap is simultaneously ﬁlled with grout which needs a relatively long time
for initial solidiﬁcation. Meanwhile, since the TBM is continuously advancing, there are always certain lengths of
tunnel linings located in the unsolidiﬁed grout. As a result,
the buoyancy induced by unsolidiﬁed grout and hydrostatic pressure may be higher than the lining gravity, which
leads to the lining uplift tendency.
The excessive lining uplift leads to local damage of the
segments and leakage at the joints during shield tunnel construction, and therefore a deterioration in the safety and
serviceability of tunnel structure. For instance, the common lining uplift of Ningbo Metro Line 1 in eastern China
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during the construction stage reached more than 30 mm,
and induced local leakages and cracks in tunnel linings.
However, the shield-lining-soil interaction mechanism
and the lining uplift behavior is not yet fully understood.
Hence, further understanding of the mechanism of lining
uplift during construction stage is critical for shield tunnel
in soft ground.
There are a number of geotechnical problems involved
in shield tunnel construction. Extensive eﬀorts have been
made by researchers trying to reveal the shield tunnelinginduced ground movement, including Fang et al. (1994),
Park (2005), Chen et al. (2011b), and the stability mechanism of excavation face has also been revealed by Lee
et al. (2006), Chen et al. (2011a), Chen et al. (2013). Meanwhile, the occurrence of frequent tunnel displacement in
nearby constructions has been reported by Dolezalova
(2001), Ng et al. (2013), Chen et al. (2016). The uplift
behavior of tunnel linings during shield tunneling is also
signiﬁcant in practice, but has been commonly neglected.
In spite of the empirical model proposed by Zhou and Ji
(2014), the mechanism of lining uplift behavior has yet to
be investigated. A numerical simulation approach is
favored for studying the mechanism of lining uplift. The
two dimensional (2D) simulations by Zhang et al. (2013)
appear inadequate, but are not capable of considering or
revealing the three dimensional eﬀect of tunneling and
the longitudinal deformation of the tunnel. On the other
hand, the in-situ behavior of shield tunnel construction
can be simulated in a 3D model. The 3D numerical simulation presented by Kasper and Meschke (2006) considered
such factors as the geological conditions, the shield
machine, the tunnel lining, and the tunneling processes.
The joints, however, were not simulated. The inﬂuence of
joints was considered by Do et al. (2014). In these studies
more attention was given to the ground behavior or the
internal forces of the lining than the deformation of the
tunnel lining. Mo and Chen (2008) presented a load pattern
and simulated the practical tunnel structure in a 3D numerical model to study the structural behavior of the lining
during the construction stage. Unfortunately, the displacement of the tunnel and the deformation (dislocation and
stretch deformations) of the joints were not revealed.
Therefore, few 3D numerical simulations which deal with
the uplift behavior of linings during shield tunnel construction can be found.
In this paper, a new three-dimensional numerical model
is developed and employed through ANSYS to study the
mechanism of lining uplift. The segmental lining, circumferential joints, longitudinal bolts, grout pressure, jacking
force, the constraint of the shield machine and the liningsoil interaction were taken into consideration in the model.
The reliability of the numerical model was veriﬁed using
the measured lining uplift of the Ningbo Metro Line 1 in
eastern China. The characteristics of tunnel deformation
and the internal force were investigated. Thereafter, the
sensibility of shield-driving parameters was investigated
by a series of parametric studies. Finally, a formula for
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evaluating the control criterion of lining uplift during
shield tunneling was proposed.
2. Numerical model of lining uplift during shield tunneling
2.1. Mechanical model
As investigated, the lining uplift behavior is not aﬀected
by the advance rate of the shield machine according to
Zhou and Ji (2014). A proper explanation is that lining
uplift mainly develops during the standstill of the shield
machine. This is because the time required for segment
preparation and assembly is much longer than that for
shield advancing. Fig. 1 depicts the state of the shield tunnel during the construction stage. The segmental linings are
exposed to grout pressure and jacking force, as well as the
constraints by the ground and shield tail. Loads and constraints applied on the tunnel linings are assumed to be a
certain pattern (Fig. 2) due to the periodic process of shield
tunneling. As presented in Fig. 2, the lining rings, circumferential joints, longitudinal bolts, grout pressure, the jacking force, and the constraints are all taken into
consideration.
2.2. Segmental linings and longitudinal bolts
2.2.1. Segmental linings
Each lining ring of the shield tunnel was installed by several pieces of precast reinforced concrete segment. The longitudinal joint pattern has less eﬀect on the normal
displacement of the tunnel according to Mo and Chen
(2008). For this reason, the segmental rings are considered
uniform rings in this model. To reﬂect the impact of longitudinal joints, a reduction coeﬃcient called the eﬀective
bending rigidity ratio g by Lee et al. (2001) and
Teachavorasinskun and Chub-Uppakarn (2010) was
employed in the uniform rigidity ring.
2.2.2. Longitudinal bolts
For simplicity, tensile and shear springs were applied to
simulate the tensile and shear behavior of longitudinal

Fig. 1. State of shield tunnel during the construction stage.
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Fig. 2. Mechanical model for uplift analysis during shield tunneling.
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where F and s are the force and elongation of tensile spring,
respectively; F0, knb1, knb2 Fy and sy are the pre-tightening
force, initial stiﬀness, post-yield stiﬀness, tensile yielding
force and tensile yielding elongation of the longitudinal
bolts, respectively; Q and u are the force and elongation
of the shear spring, respectively; ksb1 is the initial stiﬀness
when the longitudinal bolt and the bolt hole are disconnected, u0 is the dimensional deviation between the longitudinal bolt and the bolt hole, Q0 is the force of the shear
spring when the longitudinal bolt and the bolt-hole are
contact, and ksb2 and uy are the shear stiﬀness and shear
yielding deformation of the longitudinal bolt, respectively.
2.3. Loads acting on the tunnel lining

ksb1
u0

ð2Þ

uy

u

(b)
Fig. 3. Curves of force–displacement of longitudinal bolts: (a) tensile
spring; (b) shear spring.

bolts, respectively. The curves of force–displacement of the
tensile and shear springs (Fig. 3) can be deﬁned as:
8
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0
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>
:
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2.3.1. Grout pressure
According to Bezuijen et al. (2004), the longitudinal
dissipation of grout pressure can be divided into three
phases in the model. The ﬁrst phase (phase 1) includes N1
(number of rings in phase 1) rings starting from Ring 1,
which separates the shield tail. The grout pressure applied
to diﬀerent rings in phase 1 is assumed to be the same since
the grout in this phase is not hardened and the grout pressure on the back most ring may be aﬀected by the simultaneous grout on Ring 1. The second phase (phase 2) consists
of N2 rings which represent the ﬁrst dissipation of grout
pressure from p11 (on the top) and p21 (at the bottom) to
f1p11 and f2p21, respectively. f1 and f2 are the dissipation
coeﬃcients which diﬀer in sandy soils and cohesive soils.
Besides, the value of f2 is expected to be smaller than f1
(0.75 and 0.85 for sandy soils, respectively) since the grout
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pressure dissipates faster at the bottom of the tunnel, as
proposed by Bezuijen et al. (2004). In this model, f1 and
f2 are supposed to be 0.9 and 0.8 for soft clay, respectively.
In phase 3, the grout pressure is assumed to dissipate to
water pressure (p12 on the top while p22 at the bottom)
within N3 rings which is consistent with the measurements
reported by Bezuijen et al. (2004). Phase 4 with N4 rings is
then added to the model to account for the equivalent constraint of the uplifted linings, as well as to evaluate the
design of the internal forces.
The circumferential distribution of grout pressure is
assumed to increase linearly with depth according to
Bezuijen et al. (2004). The grout pressure on the tunnel
crown in phase 1 can be determined by Eq. (3) according
to Do et al. (2014), and the grout pressure on the tunnel
invert can be calculated by Eq. (4):
P 11 ¼ 1:2rm

ð3Þ

P 21 ¼ p11 þ c1 D

ð4Þ

p gt

kri
g

pgb

(a)

ps
qt

where rv is the total soil overburden pressure on tunnel
crown, c1 is the gradient of grout pressure in phase 1,
and D is the outer tunnel diameter.
As shown in Fig. 4(a), loads applied on the linings from
phase 1 to phase 3 include the grout pressure, the deadweight of segment and the resistance of surrounding soils.
These loads are simulated by the reacting force of the notension radial springs when the lining deforms. Using
Eqs. (3), (4) and the dissipation pattern of grout pressure
along the tunnel alignment, the grout pressure applied on
the crown and invert of Ring ni can be determined by:
8
>
< p11
pgt ¼ ½1  ðni  N 1  0:5Þð1  f1 Þ=N 2 p11
>
:
f1 p11  ½ðni  N 1  N 2  0:5Þ=N 3 ðf1 p11  p12 Þ

pgb

8
>
< p21
¼ ½1  ðni  N 1  0:5Þð1  f2 Þ=N 2 p21
>
:
f2 p21  ½ðni  N 1  N 2  0:5Þ=N 3 ðf2 p21  p22 Þ

373

p12
kr

qt

g

qb

p22

qb

pr

ni 6 N i
N 1 < ni 6 N 2

(b)

N 2 < ni 6 N 3

Fig. 4. Loads applied on the tunnel linings: (a) Phase 1 to Phase 3; (b)
Phase 4.
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ð6Þ

where ni is the ring number (Fig. 2), pgt and pgb are the
grout pressure on the crown and invert of Ring ni,
respectively.
2.3.2. Load pattern in phase 4
Koyama (2003) reported two modeling methods to consider the earth and pore water pressures. The ﬁrst, which is
employed in cohesive soils, does not separate the two pressures, while the second separates the two pressures and is
used in sandy soils. The second method is applied for the
universality of the model, since it does not aﬀect the tunnel
displacement. The ﬁrst method can be adopted when cohesive soils are involved. Fig. 4(b) shows the load pattern in
phase 4. The overburden pressure at the tunnel crown, represented by ps, can be determined by the unit weight of overlying soil layers. pr is the counterforce beneath the tunnel
that can be obtained using Eq. (7). qt and qb are the eﬀective

lateral earth pressures on the crown and invert of the tunnel
lining that can be calculated by Eqs. (8) and (9):


1 p 0
p

ð7Þ
cs D  cw D
pr ¼ ps þ pcc t þ
2 8
4
qt ¼ K 0 p s
qb ¼ qt þ

ð8Þ
K 0 c0b D

ð9Þ

where cc is the unit weight of the segment, t is the thickness
of the segment, c0s is the eﬀective unit weight of the soil at
the spring line of the tunnel, cw is the unit weight of water,
K0 is the coeﬃcient of at-rest lateral earth pressure, c0b is the
eﬀective unit weight of the soil layers within the depth
range of tunnel circumference.
It should be noted that loads in phase 4 need a certain
amount of time before the typical earth pressure is reached
in the in-situ condition. However, it is assumed that the
ground loads applied on the linings just after the grout
pressure dissipates to the water pressure will not aﬀect
the displacement of tunnel: rather, the internal forces of
the linings are slightly larger close to phase 4.
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2.3.3. Jacking force
The hydraulic cylinder is commonly turned oﬀ after the
shield machine drive a short distance past the ring-width.
Therefore, the jacking forces during the development of
lining uplift are expected to be much smaller than those
during shield advancing. They may also be smaller than
the total force of the excavation face since the direction
of shield skin friction may reverse after the hydraulic cylinder is turned oﬀ. In this model, it is assumed that the jacking forces are 1/3 of the total thrust during shield
advancing. Besides, the jacking forces are assumed to be
uniformly applied on the tunnel lining.
2.4. Shield-lining-soil interaction
2.4.1. Constraint by shield tail
The shield tail generally appears to rise in soft soils when
lining uplift phenomenon is encountered during shield tunneling. Thus, the constraint at the shield tail is important
for the lining uplift. Based on the equivalent displacement
at the shield tail, a simpliﬁed model (Fig. 5) for calculating
the stiﬀness of radial springs at shield tail, represented by
ker, is employed. A schematic diagram depicting the
mechanics of shield machine during lining uplift is shown
in Fig. 5(a). In this case, the shield machine is simpliﬁed
as a beam hinged at the cutter head. Compressive springs

ksv
Gm

F
(a)

ke
F

are applied above the beam to simulate the compressibility
of the overlying soil. Besides, loads of buoyancy, overburden pressure and the weight of a shield machine are also
considered. Fig. 5(b) shows the equivalent model of that
depicted in Fig. 5(a), which is adopted to calculate the vertical equivalent stiﬀness, represented by ke, at the shield
tail. Eqs. (10) and (11) describe the models shown in
Fig. 5, on the basis of moment equilibrium and displacement compatibility, respectively:
Z
k sv Dm Lm 2
1
x dx þ Gm  nLm þ c0 hDm L2m
2
Lm
0
1
¼ F  Lm þ pcw D2m L2m
ð10Þ
8
Z
k e Dm Lm 2
x dx ¼ F  Lm
ð11Þ
Lm Lm L
On the basis of Eqs. (10) and (11), the following equation can be obtained:
ke ¼

1  ð1  L=Lm Þ

3

ð12Þ

where ksv is the coeﬃcient of subgrade counterforce over
the shield machine, c0 is the eﬀective unit weight of overlaying soils, h is the buried depth of the shield machine, n is a
parameter around the gravity center of the shield machine
that can use 1/3, Gm, Dm and Lm are the weight, diameter
and length of the shield machine, respectively, and L is the
ring-width.
The schematic for converting ke to the radial stiﬀness ker
is illustrated in Fig. 5(c). Provided the uplift value of Dy is
induced by shield tail, the vertical forces induced by ke and
ker can be described by Eqs. (13) and (14) as follows:
Z p2
ðk e Dy R cos hÞdh
ð13Þ
f y1 ¼
Z

0
p
2

f y2 ¼

ðk er Dy R cos2 hÞdh

ð14Þ

0

(b)

On the basis of Eq. (12) and the condition that fy1 = fy2.
The value of ker can be calculated by:

ke

k er ¼

ker

k sv þ 1:5c0 h þ 3nGm =ðDm Lm Þ  0:375pcw Dm

4½k sv þ 1:5c0 h þ 3nGm =ðDm Lm Þ  0:375pcw Dm 
3

p½1  ð1  L=Lm Þ 

ð15Þ

y

d

(c)
Fig. 5. Schematic of equivalent constraint at shield tail: (a) mechanical
schematic of shield machine; (b) equivalent model for (a); (c) Relation
between ke and ker.

2.4.2. Constraint by surrounding soils
The interaction between tunnel lining and surrounding
soils are described by both the radial and tangential
springs, according to Koyama (2003) and Molins and
Arnau (2011). However, tangential springs were only
applied in the longitudinal direction (Fig. 6) due to the
presence of small shear stress between lining and grout
reported by Bezuijen et al. (2004), and also because uplift
developed rapidly before the hardening of grout. The stiﬀness of radial springs in longitudinal distribution is
depicted in Fig. 2. It is divided into two linear parts from
phase 1 to phase 3 and is assumed to increase to kr in phase
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Fig. 6. Schematic of lining-soil interaction.

4. f3 is adopted to determine the pattern that can use the
value of 1-f1 since the stiﬀness increases correspondingly
to the dissipation of grout pressure. The stiﬀness of the
radial and the tangential springs at ring ni can be obtained
using Eqs. (16) and (17), and the stiﬀness of radial springs
in phase 4 can be obtained by Eq. (18) presented by Molins
and Arnau (2011):
8
>
< ½ðni  0:5Þ=ðN 1 þ N 2 Þf3 k r
k ri ¼ ½f3 þ ðni  N 1  N 2  0:5Þð1  f3 Þ=N 3 k r
>
:
kr

ni 6 N 1 þ N 2
N 1 þ N 2 < ni 6 N 1 þ N 2 þ N 3
ni > N 1 þ N 2 þ N 3

ð16Þ
k ti ¼

k ri
3

ð17Þ

kr ¼

Es
Rð1 þ tÞ

ð18Þ

balanced shield (EPBS) machine. The shield length is 8.5
m, and the diameters of cutter head and shield tail are
6.39 m and 6.34 m, respectively. The inner and outer diameters of tunnel linings are 5.5 m and 6.2 m, respectively.
The Young’s modulus of concrete used for linings is 34.5
GPa. Each ring consists of six 35 cm-thick prefabricated
reinforced concrete segments with a width of 1.2 m. These
segments are joined together by crooked bolts in both longitudinal and circumferential directions. Based on the
model presented earlier, a typical geological section
(Fig. 7) of Wang-Ze interval is selected. The cover depth
of this inverval is about 12 m below the ground surface.
The water table is located at depth of 2 m. The main soil
layer at the construction site is muddy clay of which the
main physical and strength parameters is given in Fig. 7.
For this interval, a level gauge is adopted for measuring
the lining uplift at the tunnel invert.
3.2. Model description and parameters
In ANSYS, the numerical model is directly established
by building the elements and nodes, which diﬀers from
other softwares. The numerical model consists of 17 rings
because it was reported that 30–40 h are required for the
linings to reach the maximal uplift in soft soils (Zhou
and Ji, 2014). About 14 rings were successfully assembled
since the advancing rate is 8–10 rings per day. The numbers
of N0 to N4 are shown in Table 1. N0 representing the ring
amount in the shield shell was set to 2, and N4 was set to 1
to eﬀectively represent the constraint of the uplifted linings.
The segmental linings are simulated with 4-node shell
elements: the mechanical behavior of these elements is
assumed to be linear elastic. The input parameters of the
tunnel lining are shown in Table 2. Each ring consists of

γ = 18.5 kN/m3
c = 27.8 kPa
= 5.2 o
OCR = 0.98

2.4.3. Constraint by existing linings
The back-most ring in phase 3 is constrained by existing
linings which have already uplifted. The number of N4 represents the constraint of the existing linings. Also, the constraints at the rear of the back-most ring in phase 4 are
simpliﬁed by a series of longitudinal springs. The stiﬀness
of these springs is assumed to be inﬁnite when compressed,
while the tensile stiﬀness only exists at the longitudinal
bolts.

ks = 10000 kPa/m
K0 = 0.6

6.2

Lining uplift is frequently encountered during tunnel
construction for Ningbo Metro Line 1 in eastern China.
The metro tunnel is constructed by an earth pressure

10

Es = 3000 kPa
ν = 0.3

Tunnel

Fig. 7. Schematic of geological condition.

3. Numerical analysis
3.1. Background

2

where kri and kti are the stiﬀness of the radial and tangential springs at Ring ni, respectively; Es is the elastic deformation modulus, R is the radius of the tunnel lining, and
m is the Poisson’s ratio.
As shown in Fig. 6, a contact element was used to consider the friction of the lining concrete with a friction coefﬁcient of 0.3, while tensile springs and shear springs were
adopted to simulate the longitudinal bolts with the elastoplastic model introduced earlier.
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Table 1
Basic parameters of the numerical model.
N0

N1

N2

N3

N4

f1

f2

f3

2

3

4

7

1

0.9

0.8

0.1
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Table 2
Parameters of the tunnel lining.
Outer diameter
(m)

Inner diameter
(m)

Width
(m)

Young’s modulus
(kPa)

Poisson’s ratio

Unit weight
(kN/m3)

g

6.2

5.5

1.2

3.45  107

0.167

25

0.8

Diameter
(mm)

Length
(mm)

Number

24

400

16

Table 5
Grout and ground pressures (kPa).

Young’s modulus
(kPa)

Yield stress
(MPa)

2.06  108

400

6 elements in the longitudinal direction and 144 elements in
the tangential direction. Longitudinal bolts are modeled by
the combin39 element. The force-displacements of the longitudinal bolts shown in Fig. 3 indicate both the tensile
spring and shear spring reﬂect piecewise linear properties.
The basic parameters of longitudinal bolts are listed in
Table 3. The adjacent rings are connected by the curved
bolts with stiﬀness smaller than that of the straight bolts
when bearing axial tensile forces. Hence, the tensile stiﬀness
of the longitudinal bolts is reduced by 75% by referring to
Mo and Chen (2008). Parameters of the bolt-springs are
shown in Table 4.
The constraints of the shield tail on the tunnel lining are
divided into two parts. For the ﬁrst part, the no-tension
element link10 is used to consider the tail brush by assuming that the deformation of the tail brush is negligible. The
second part is the radial springs applied on the shield tail
with a stiﬀness of 35,000 kPa/m through Eq. (15). Besides,
the stiﬀness of radial springs in phase 4 is 800 kPa/m in this
case according to Eq. (18).
The total thrust in the Wang-Ze interval reaches 9000
kN on average. Thus, the jacking force applied on the linings is 3000 kN in the numerical model. The grout pressures and the earth pressures adopted are listed in
Table 5. The vertical gradient of grout pressure is set to
18.2 kPa/m while the grout density is 1930 kg/m3, in accordance with the conclusion that the gradient should be smaller than the grout density (Bezuijen et al., 2004).

p11

p21

p12

p22

ps

pr

qt

qb

260

372.5

80

138.5

142

129

85

115

40
Dislocation
deformation
stage

35

Uplift value (mm)

Table 3
Basic parameters of the longitudinal bolt.

30

Stretch
deformation
stage

25

Steady
deformation
stage

20
15

Measured
Calculated

10
5
0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Ring Number

(a)

3.3. Results and discussions

(b)

3.3.1. Tunnel deformation
The measured and the calculated lining uplift in the longitudinal direction is presented in Fig. 8(a), while the deformations of the circumferential joints are shown in Fig. 8(b).
It is obvious that lining uplift can be divided into three
stages: the dislocation deformation, the stretch deforma-

Fig. 8. Displacement and deformation of tunnel linings and circumferential joints: (a) displacement of the linings; (b) deformation of the
circumferential joints.

tion and the steady deformation stages. The main deformation during the ﬁrst stage is the dislocation deformation
between adjacent rings while that during the second stage

Table 4
Input parameters of the bolt-springs.
sy
(mm)

F0
(kN)

knb1
(kN/m)

knb2
(kN/m)

u0
(mm)

uy
(mm)

Q0
(kN)

ksb
(kN/m)

7.5

0

5.83  104

2.33  103

6

10

10

1  105
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is stretch deformation at the circumferential joints. The
results also indicate that the uplift develops rapidly after
the disconnection of rings from the shield tail and then
slows down. A reasonable explanation is that the grout
in the good ﬂuidity of the dislocation deformation stage
induces high buoyancy while the constraint keeps weakening due to slight solidiﬁcation of the grout. The buoyancy
decreases gradually while the constraint enhances as the
grout solidiﬁes, leading to the slow development of lining
uplift in the stretch deformation stage. Finally, the grout
reaches a certain strength and/or stiﬀness that can restrict
the development of the lining uplift in the steady deformation stage.

3.3.2. Tunnel internal force
Fig. 9 depicts the circumferential bending moment and
the circumferential normal force of several rings (the serial
number of rings means the distance (unit: ring) behind the
shield tail as presented in Fig. 1). The bending moment is
positive when the tensile strain occurs at the inner side of
Crown

Springline

Bending moment (kN·m)

120
80
40

Invert

Springline
Ring 2
Ring 5
Deformed
Ring 9
Ring 13
Ring 15

Crown
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the lining. Hence, deformed shapes of the linings can be
depicted by the moment distribution (Fig. 9(a)). The rings
in the vicinity of the shield tail and existing linings
deformed in an egg-shape due to the strong constraints
from the shield tail and the existing linings. This is the
opposite in the middle rings because of the distribution pattern of grout pressure in the circumferential direction. Normal forces are presented in polar coordinates (Fig. 9(b)) for
legibility. The local distortion of the circumferential normal force caused by the dislocation can be clearly observed.
As presented in Fig. 10, the dislocation pattern of Ring 3
leads to the uneven longitudinal distribution of circumferential normal stress. The reason is that shear forces of the
longitudinal bolts are in the opposite direction on the two
sides of the ring. It also indicates that there may be tensile
stress on one side of the ring when encountering large dislocation. This may lead to the longitudinal cracks.
Fig. 11 presents the longitudinal normal stresses of the
linings and stresses of the bolts. The numbers i and i + 1
in the ﬁgure represent the location of the lining rings while
i + 0.5 represents the circumferential joint between Ring i
and Ring i + 1. The concentration of longitudinal normal
stress occurred at the invert of the linings from Ring 6 to
Ring 9 (Fig. 11(a)). Fig. 11(b), indicating that the tensile
stresses in the longitudinal bolts were higher as the location
of the bolts was closer to the tunnel crown. Besides, more
longitudinal bolts bear tensile stress with smaller r angles.
The maximal tensile stress in the longitudinal bolts was
about 35% of the yield stress in this case.
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3.3.3. Sensitivity of shield-driving parameters
Sensibility of parameters, including the gradient of grout
pressure, the jacking forces and the pre-tightening force of
longitudinal bolts, are shown in Fig. 12 with a normalized
coordinate in the horizontal direction. The minimum and
maximum values of the parameters are labeled in this ﬁgure. The results indicate that the jacking forces during segments preparation and assembly shows the most signiﬁcant
impact on the uplift, while the pre-tightening force of longitudinal bolts does not show apparent impact. This could
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Fig. 9. Internal forces of rings: (a) bending moment; (b) normal force.
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Fig. 10. Uneven distribution of circumferential normal stress.
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Fig. 11. Stress of longitudinal bolts and linings: (a) stress of the
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be because the frictional force contributed by the pretightening force of longitudinal bolts is much smaller than
that contributed by the jacking forces in circumferential
joints. As such, keeping the jacking forces on the linings
after shield advancement at an appropriate level is an eﬀective way to control lining uplift. The gradient of grout pressure, depending on the grout density, also has considerable
impact on lining uplift. However, since the density of grout
is relatively ﬁxed, it is hard to regard it as an optional measure for the control of lining uplift.
Fig. 13 illustrates the impact of grout property. The
total number of rings from phase 1 to phase 3 (Fig. 2)
approximately represents the time for the grout to reach
the strength required to restrict the development of lining
uplift. Because the dissipation pattern of the grout pressure
in diﬀerent grout properties is uncertain, the maximum
uplift of the linings under diﬀerent combinations of N1,
N2 and N3 (Ni means the ring amount in phase i) are presented. The results show that the maximum uplift is smaller
with shorter grout hardening times. Hence, grout with low
density coupled with good hardening properties may be the
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best for simultaneous grouting since it will not block the
grouting pipes.
The uplift curves with diﬀerent values of N4 representing
diﬀerent constraint degree of existing linings are illustrated
in Fig. 14. The maximum uplift decreased when the constraint contributed by the exiting linings was stronger.
Also, when the constraint were strong enough, the maximum uplift of the tunnel decreased by about 50%.
4. Control criterion for lining uplift during shield tunneling
4.1. Basic model
Based on the characteristic of tunnel deformation, a formula for evaluating the control criterion of lining uplift
during shield tunneling is proposed under the following
assumptions: (1) dislocation deformation between adjacent
rings only occurs in the dislocation deformation stage while
stretch deformation of the circumferential joints only
occurs during the stretch deformation stage; (2) segmental
linings are considered rigid objects; (3) deformation is uniform in both the dislocation deformation stage and the
stretch deformation stage; (4) the allowable dislocation
deformation ([d]) and the allowable opening angle ([hr])
of the circumferential joints occur simultaneously in the
limit state.
Fig. 15 shows the deformation pattern of lining uplift
during shield tunneling. According to Fig. 15(a), the allowable lining uplift in the dislocation deformation stage can
be described as:
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(n2 n2i )[ r ]
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2
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]
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(b)
Fig. 15. Deformation pattern of lining uplift: (a) dislocation deformation
stage; (b) stretch deformation stage.

½D1  ¼

n1
X
½D1i  ¼ n1 ð½d cos hs þ L sin hs Þ
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ð19Þ

1

where [D1i] is the uplift value of Ring n1i in dislocation
deformation stage, n1 is the number of the back-most ring
in the dislocation deformation stage, hs is the depression
angle of shield machine, and L is the ring-width.
The deformation pattern in stretch deformation stage is
shown in Fig. 15(b). n2 is the number of the back most ring
in stretch deformation stage. [D2i] is the uplift value of Ring
n2i that can be obtained by Eq. (20), while the allowable lining uplift in stretch deformation stage can be obtained by
Eq. (21):
½D2i  ¼ L sinfðn2  n2i Þ½hr g  Lðn2  n2i Þ½hr 
½D2  ¼

n2
X

½D2i  ¼

n1 þ1

ðn2  n1 Þðn2  n1  1Þ
L½hr 
2

ð20Þ
ð21Þ

In addition, the relationship between hs and [hr] can be
expressed as:
hs ¼ ðn2  n1 Þ½hr 

ð22Þ

Combining Eqs. (19), (21) and (22), the control criterion
of lining uplift can be obtained by the following equation:
½D ¼ ½D1  þ ½D2 
¼ n1 ½d þ

ðn2  n1 Þðn2 þ n1  1Þ
L½hr 
2

ð23Þ

The stress concentration induced by the extrusion
between the longitudinal bolt and the bolt hole was
reported by Chen and Mo (2009) to be the cause of the
cracks during tunneling construction. If the dislocation
deformation between adjacent rings exceeds the dimensional deviation of the longitudinal bolt and the bolt hole,
damage to the tunnel concrete around the bolt hole and/or
shear yielding of the bolts may occur. Therefore, [d] is set to
a value equivalent to the dimensional deviation of the longitudinal bolt and the bolt hole. The value of [hr] relates to
the allowable stretch deformation of circumferential joints
[c]. The neutral axis is not located at the springline when a
bending moment is applied to the circumferential joints,
and it can be described by an angle u1 as shown in
Fig. 16 according to Murakanu and Koizumi (1978). This
angle can be determined as:


1
nb k nb1
u1 þ cot u1 ¼ p þ
ð24Þ
2 Ec Ac =L
where nb is number of longitudinal bolts, knb1 is the tensile
stiﬀness of longitudinal bolts, Ec is the Young’s modulus of
concrete, Ac is the tunnel cross-sectional area.
The [hr] not only depends on the allowable stretch deformation of circumferential joints [c] but also on the yielding
elongation of longitudinal bolts sy. However, it is always
dependent on the [c] since sy is much bigger than [c] while
b (Fig. 17) is smaller when compared to the radius of the
tunnel. Hence, the relationship between [hr] and [c] can
be written as:
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where a is the distance between X axis and the neutral axis
in circumferential joints, it can be expressed as:
Dþd
a¼
sin u1
4

13
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75

ð25Þ

Allowable uplift [Δ]/mm

½c
þa
2

½hr  ¼ D

12

80

ð26Þ
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60

where D and d are the outer and inner diameters of the tunnel, respectively.

55

3

4

5

Number of the back most ring in dislocation deformation stage n1
(n2-n1=9)

4.2. Control criterion for Wang-Ze interval
For the interval Wang-Ze, the control criterion of lining
uplift during shield tunneling was obtained (Table 6) based
on the above-mentioned model.
The inﬂuences of [d] and [c] on [D] are presented in
Fig. 17(a). As indicated, [D] increases by 16 mm when [d]
increases from 6 mm to 10 mm, while [D] increases by 14
mm when [c] increases by 1 mm. Since [c] in diﬀerent cases
is almost ﬁxed, it is reasonable to conclude that the allowable dislocation [d] is the crucial factor. As shown in Fig. 17
(b), [D] increases by 12 mm when n1 increases by 1, while
[D] increases by 8 mm when n2 increases by 1. Therefore,
the number of the back-most ring in the dislocation deformation stage has greater impact on the control criterion
than the number of the back-most ring in the stretch deformation stage.
According to the ﬁeld condition, n1 varies from 3 to 6
and n2 9 to 13. The values of n1 and n2 are likely related
to the properties of the surrounding soils. Hence, it may
be possible to establish proper control criteria depending
on stratums with the early statistics of n1 and n2 in those
cases.

70

(b)
Fig. 17. Parametric sensitivity of the control criterion: (a) allowable
dislocation deformation [d] and allowable stretch deformation [c]; (b)
number of the backmost ring in dislocation deformation stage n1 and
number of the backmost ring in stretch deformation stage n2.
Table 6
Control criterion of lining uplift for Wang-Ze interval.
n1

n2

[c]
(mm)

L
(mm)

[hr]
(rad)

[d]
(mm)

[D]
(mm)

4

13

3

1200

4.98  104

6

67

5. Conclusions
The lining uplift behavior of shield tunnel during construction stage was investigated and a new threedimensional numerical model was developed to reveal the
shield-lining-soil interaction mechanism. The impact of
parameters, including the gradient of grout pressure, the
jacking forces and the pre-tightening force of the longitudinal bolts on the uplift behavior was investigated by a series
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of parametric studies. The following conclusions can be
drawn:
(1) Lining uplift during shield tunneling can be divided
into three stages: the dislocation deformation, the
stretch deformation and the steady deformation
stages. Lining uplift during the ﬁrst stage is largely
due to the dislocation deformation between adjacent
rings, while that during the second stage is largely due
to the stretch deformation of circumferential joints.
(2) The longitudinal bolts in the vicinity of tunnel crown
bear the highest tensile stress from Ring 6 to Ring 9
behind the shield tail during the standstill of shield
machine, while the longitudinal normal stress is concentrated at the bottom of the linings. In addition,
excessive dislocation between adjacent rings leads to
uneven longitudinal distribution of circumferential
normal stress.
(3) The jacking forces during segment preparation and
assembly shows the most signiﬁcant impact on the
uplift of the tunnel, while the pre-tightening force
of longitudinal bolts shows no apparent impact.
The gradient of grout pressure also has considerable
impact on lining uplift. However, since the density
of grout is relatively ﬁxed, it cannot be regarded as
an optional measure for the control of lining uplift.
(4) The control criterion of lining uplift during shield
tunneling is determined by the properties of the surrounding soil stratums, the structural parameters of
the lining, and the allowable deformation of the circumferential joints. These parameters will inevitably
vary in diﬀerent cases.
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