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The disengaging between invert filling and segment affects the safety of train operation. A 3D
numerical model of a three-ring staggered assembled shield tunnel is established, which is
verified by a full-scale test. On this basis, cohesive element is inserted between the invert filling
and tunnel segment to simulate the fracture process of invert filling-segment interface, and
explore the relationship between the deformation of staggered assembled shield tunnel and
the disengaging of invert filling. The results show that: 1) The development of invert filling
disengaging affects the internal forces of shield tunnel segments. 2) The relationship between
the development of invert filling disengaging and the deformation of shield tunnel can be four
stages. Different segment assembly methods do not affect the variability of the disengaging
ratio. Tensile failure occurs in 89% of the interface layer, which is the main form of invert filling
disengaging. 3) The relationship between the development of disengaging distance and the
deformation of shield tunnel also can be four stages. The faster the horizontal convergent
deformation develops in the segment assembly method, the slower the growth rate of the
disengaging distance. 4) The faster the horizontal convergent deformation develops in the

segment assembly method, the slower the growth rate of the disengaging volume.

1. Introduction

The invert filling is directly poured on the segment (Jin et al.,
2022), and the bonding strength of its contact interface is low.
When the shield tunnel is greatly deformed, the deformation
between the segment and invert filling is not coordinated, which
leads to the peeling between the two, resulting in the formation
of disengaging, which affects the support of the track and
endangers the safety. Uneven deformation often occurs in shield
tunnel, especially in soft stratum (Liu et al., 2021). Adjacent
construction (Shi et al., 2016; Liang et al., 2018; Jin et al., 2019),
groundwater leakage (Gao et al., 2019; Huang et al., 2020; Wu et
al., 2020), traffic loading (Yan et al., 2018; Yi et al., 2019; Li et
al., 2020b), effect of uneven subsoil (Shen et al., 2014; Wu et al.,
2017) will cause large deformation of shield tunnel, which can
cause a variety of diseases (Zhang et al., 2020), such as segment
crack, steel corrosion, water leakage, joint opening. etc. (Shao
et al., 2016; Dong et al., 2017; Wang et al., 2020; Jin and Yu,

2022) Theoretical, experimental and numerical methods have
been used to analyze the relationship between deformation of
shield tunnel and structural damage. There are researches of
using theoretical analysis means, such as Wu (Wu et al., 2015)
proposes a shield tunnel model, considering the shear dislocation
between rings and the bending deformation and shear deformation of
beams. Zheng (Zheng et al., 2005) based on the equivalent axial
stiffness model and researched the relationship between the joint
opening of tunnel segments and the longitudinal deformation
curvature. There are researches using numerical simulation analysis,
such as Wang (Wang and Zhang, 2013) studied the developing law
of horizontal deformation of tunnels under overload and the
relationship between variation of tunnel diameter and bolt stress,
concrete stress and joint opening is established. Zhu (2014)
studied the deformation law of the tunnel cross section and
established the relationship between the horizontal diameter
deformation and the maximum joint opening, the maximum bolt
stress, and the maximum concrete stress under different assembly
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methods. There are researches using experimental analysis, such
as Molins (Molins and Arnau, 2011) conducted a full-scale field
test on the Barcelona Metro shield tunnel, which considered the
interaction between structure and soil and the mechanical
response of the segment structure under hard soil conditions was
obtained. Bi (Bi et al., 2014) conducted multiple sets of full-scale
tests on a single ring to study the ultimate deformation capacity,
stress state and failure process of the tunnel structure under ground
load, ground overload, and surrounding unloading. The above
studies mostly focused on exploring the relationship between shield
tunnel deformation and joint openings, water leakage, segment
damage and other diseases, but seldom studied the relationship
between the tunnel invert filling disengaging and tunnel deformation.

The researches on the invert filling disengaging mostly focus
on the treatment measures, detection methods and the analysis of
the force characteristics of the invert filling after disengaging.
The treatment measures for the invert filling disengaging mainly
include grouting reinforcement (Li et al., 2020a), invert filling
renovation (Ji and Chen, 2019), etc. The detection methods of
disengaging mainly include traditional methods such as empirical
judgment method, drilling core method and geological radar
method. Liu (Liu et al., 2015) proposed the calculation method
of calculating the disengaging of invert filling by hydrostatic
leveling sensor. The analysis of the force characteristics of the invert
filling after disengaging mainly include: Ji (2014) analyzed the force
and deformation characteristics of the invert filling under train load
when there are voids and disengaging at the bottom of the invert
filling, and on this basis, carried out the research on the safety
evaluation standard of the invert filling. Gong (Gong et al., 2020)
analyzed the influence of grouting layer stiffness and contact surface
bonding strength on the occurrence and evolution of the
disengaging. At present, there are few studies on the mechanical
characteristics of the interface between invert filling and segment,
especially the effect of shield tunnel’s deformation on the mechanical
characteristics of the contact layer between them. Relevant measured
data shows that with the increase of tunnel deformation, the
disengaging of invert filling tends to increase (Zhang et al., 2020).
This paper explores the relationship between invert filling
disengaging and deformation of shield tunnel with staggered
assembled segment through numerical simulation, and explains the
development process of the disengaging.

This paper studies the relationship between the deformation
of the shield tunnel structure with different assembly methods
and the disengaging of invert filling, including disengaging ratio,
disengaging distance, and disengaging volume. Section 2 introduces
the numerical model of three-ring staggered shield tunnel, and
verifies the model by a full-scale test. Section 3 introduces the
insertion method of the numerical model of invert filling. Section
4 introduces five different assembly methods of shield tunnel,
namely five working conditions. Section 5 analyzes the changing
law of shield tunnel deformation under five working conditions.
Section 6 analyzes the relationship between shield tunnel
deformation and the development of disengaging and analyzes
the failure mode of the interface layer. Section 7 and 8 respectively

analyze the relationship between disengaging distance and
disengaging volume under 5 working conditions.

2. Modelling Methods and Verification

Based on the segment structure design Nanjing Metro, a FEM
model of three-ring staggered assembled shield tunnel is established,
which is verified by the results of full-scale test.

2.1 Modelling Method

2.1.1 Geometric Model
The inner radius of the shield tunnel is 2.75 m, the outer radius is
3.1 m and the segment width is 1.2 m. One sealing segment, two
adjacent segments and three standard segments comprise a single
tunnel ring. The center angle of three types of segments are
21.5°, 68° and 67.5°. The shield tunnel adopts staggered assembly
and the position of the sealing segment between adjacent rings
deviates by 22.5°. The segment arrangement is shown in Fig. 1.
There are 12 bolts in the longitudinal joints in one ring and 16
bolts in the circumferential joints between the two rings. The bolt
hole, the caulking groove and sealing groove are neglected for
simplicity, as shown in Fig. 2. The segment rebars include main
steel bar, longitudinal steel bar and stirrup.

2.1.2 Material Properties
The concrete grade of segments is C50, Young's Modulus is
34.5 GPa and Poisson's ratio is 0.2. The three-fold line is used to
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Fig. 1. Segment Arrangement

Fig. 2. Three-Ring Shield Tunnel FEM Model
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Table 1. Parameters of Bolts and Rebars (Jin et al., 2018)

. Young's Poisson's Yield Tensile
Material Modulus . strength strength
E(GPa) UK r(MPa) £, (MPa)
Bolts 200 0.3 400 500
Rebars of HPB235 210 0.3 235 370
Rebars of HRB335 200 0.3 335 455

characterize the elastoplastic characteristics of bolts and rebars to
simulate the yielding, hardening and softening during loading,
and the parameters of bolts and rebars are shown in Table 1.

2.1.3 Element and Interaction Properties

The segments are modelled as 3D stress element (C3DS). The
bolts can bear tensile and shear forces and the beam element
(B31) is used for simulation, whose section is consistent with the
real bolt section. The repairs are modelled as truss element
(T3D2).

The General Contact is set for the interaction between segments.
The normal behavior is “Hard” contact. The tangential behavior
is penalty, whose friction coefficient is 0.5.

“Embedded Region” is used to embed the reinforcements and
bolts into the segment without considering the slip between the
two.

2.1.4 Load Conditions and Boundary Conditions

This paper considers the weight of the rebars and the design load
of the shield tunnel. The tunnel depth is 16 m. The soil condition
is shown in Fig. 3. The earth pressure pattern is shown in Fig. 4.
The unit weight of the soil is 18.1 kN/m?, 17.5 kN/m® and 18.2
kN/m?. The horizontal earth pressure coefficient (1) is 0.42, 0.70
and 0.53. P1 is the pressure of soil and water above the shield
tunnel. P5 is the average self-weight of the shield tunnel. The
reaction pressure at the tunnel bottom is P2, which equal to P1
plus P5. P3 and P4 are the lateral earth pressure horizontally on
the top and bottom of the tunnel, respectively, which are obtained

1.94m | ] artificial fill

16m
16.66m

muddy silty clay

shield tunnel
12.20m

silt

Fig. 3. Soil Conditions

P,

Fig. 4. Earth Pressure Distribution Pattern around Tunnel

by multiplying vertical earth pressure multiplied by the horizontal
earth pressure coefficient. In order to simulate the real deformation
shape of the shield tunnel, overloading is applied to the tunnel
structure by increasing P1 and P2 to obtain a larger convergent
deformation. Every 0.1 loading history represents one time of
design load, and the final load is 10 times of design loads. The
horizontal displacement of the model is restricted at the top and
bottom of the model, the vertical displacement of the model is
restricted at the arch waist of the segment, and the longitudinal
displacement of the model is restricted at both ends of the
segment to limit the displacement and rotation of the model.

2.2 Verification by Full-Scale Experiment

2.2.1 Test Device

The loading system is composed of reaction frame, load-holding
beam, jack and vertical support system as shown in Fig. 5. The
reaction frame is composed of three main reaction rings and
auxiliary connecting parts. Each reaction ring is composed of a

Fig. 5. Test System
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horizontal web ring and two vertical flange rings, and is
thickened at the loading position of the jack. The whole reaction
frame constitutes a self-balancing system.

2.2.2 Loading Scheme

Totally 24 loading points are designed to simulate the loads
around the tunnel. As shown in Fig. 6, the 24 loading points are
six P1, ten P2, and eight P3. P1 is used as the vertical soil
pressure, water pressure, self-weight and reaction pressure. P2
stands for the coefficient of the horizontal earth pressure, which
is equal to 4 x P1. P3 stands for the soil resistance pressure,
which is equal to 0.5 x (P1 + P2).

The design values of P1, P2 and P3 are calculated according
to the typical calculating section in section 2.1.4. Under the
buried depth of 16 m, P1 =280 kN, P2 =196 kN, P3 = 238 kN.
The loading process is divided into two stages. (D P1 is loaded in
stages from OkN to F2. Meanwhile, P2 and P3 are P2 = 4 x P1,
P3 =0.5 x (P1 + P2). The load increment of each level of P1 is
0.1 times of F1. (2) P1 is loaded in stages from F2 to F1. Meanwhile,
P2 and P3 are P2= A% P1,P3=0.5 x (P1 + P2). The load increment
of each level of P1 is 0.05F1. F1 is the design load of P1 when
the depth of shield tunnel is 16m, and F2 is 0.8 times F1, which
is 224 kN.

2.2.3 Measuring Points and Measuring Contents
Measure the convergent deformation of the shield tunnel with a
rope displacement meter. Considering that the upper and lower
rings are symmetrical along the middle ring, the analysis of the
deformation of the middle ring is emphasized. There are 8 and 16
displacement sensors on the upper and middle ring respectively, for
atotal of 24 (D1 — D24).

The stress of the main rebar is measured by the rebar stress
gauges which is welded with the main rebar of the segment in
advance before pouring concrete. The rebar stress gauges are
arranged at two points on the inner and outer main rebar of the
same section. The upper ring and the middle ring each have 4
cross sections, and a total of 16 rebar stress gauges. Fig. 7 shows
the distribution of rebar stress gauges.

Fig. 7. Rebar Stress Gauges
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Fig. 8. Deformation Comparison Between Full-Scale Test and Numerical
Model

2.2.4 Finite Element Model Verification

Figure 8 shows the horizontal convergence deformation of shield
tunnel for numerical model and full-scale test. The abscissa is P1
in the full-scale test and the vertical water and earth pressure in
the numerical model. When the jack load P1 is transformed into
a uniform load on the segment, its value is the same as the
vertical soil and water pressure in numerical model. The load-
deformation curve obtained by the numerical method mainly fit
the full-scale test results.

Figure 9 shows the stress-load curve of the inner and outer
main rebars at the 0° section position in the numerical model and
full-scale test. The tension of rebar is positive and the
compression is negative. Fig. 10 shows the strain-load curve of
the inner and outer main rebars at the 236° section position in the
numerical model and full-scale test. The stress, strain of rebars
obtained by the numerical method mainly fit the full-scale test
results.

Comparing the above three figures, the numerical model
results are slightly different from the full-scale test results. The
reason is that in the full-scale test, rebars are affected by material
properties, welding, segment pouring and maintenance, and their
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Fig. 9. Rebar Stress Comparison between Full-Scale Test and Numerical
Model

stress state is not as ideal as the numerical model assumes.
Generally speaking, the deformation of shield tunnel and stress-
strain law of the rebars obtained by numerical model agree well
with the full-scale test results, which proves the correctness and
rationality of the FEM model of the three-ring staggered assembled
shield tunnel.

3. Numerical Model of Invert Filling

The invert filling is added into the three-ring staggered assembled
shield tunnel model established in Section 2.2 with a height of
0.6 m. The design of drainage structure is not considered. The
concrete grade of invert filling is C35, whose Young's Modulus
is 31.4 GPa and Poisson's ratio is 0.2. The invert filling is
modelled as 3D stress element (C3DS), as shown in Fig. 11.
FEM and meshfree method (Rabczuk and Belytschko, 2004,
2007; Rabeczuk et al., 2008) are widely used in the simulation of
crack initiation and crack growth. The invert filling-segment
interface is one of the new-to-old concrete interfaces. Under
load, the crack will develop along the interface. Therefore, the

Shield tunnel

Fig. 11. Numerical Model of Invert Filling
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Fig. 10. Rebar Strain Comparison between Full-Scale Test and Numerical
Model

cohesive element is used to simulate the growth of directional cracks.
Zero thickness cohesive elements (COH3DS) are inserted between
the invert filling and tunnel segment to simulate the complex non-
linear fracture process of invert filling-segment interface.

Figure 12 shows a bilinear traction-separation constitutive
curve with a softening section, where #, s, ¢ represent the normal
direction and the two shear directions respectively. 55(5.,5}),
8%(8%,8)) represent the initial damage displacement and failure

traction 4
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Fig. 12. Traction-Separation Constitutive

Invert filling
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displacement respectively. ¢,(¢,,¢,) represents the peak value of
the nominal stress when the deformation is completely perpendicular
to the interface or completely perpendicular to the first or second
shear direction. G represents the fracture energy, which is the
area enclosed by the triangle OAB in the figure. Before the
damage, a linear elastic rising section is assumed to simulate the
undamaged material. After the stress reaches the maximum
value, as the loading continues, cracks begin to initiate and grow,
and the stress begins to show a monotonous downward trend
with the increase of displacement, until the stress decreases to
Zero.

The Quadratic nominal stress criterion is used as the initial
damage criterion for the cohesive element. Damage initiates
when a quadratic interaction function involving the nominal
stress ratios reaches one. The criterion can be represented as

2 2 2
t, 3 t
(B i i o v

<> is used to signify that the stress state or a pure compressive
deformation does not initiate damage.

In order to describe the damage evolution of cohesive element,
the equivalent displacement &, is introduced, which is given by

8, =\(6,) ++0 . @

For the bilinear traction-separation constitutive model, ABAQUS
defined D to describe the damage evolution in the softening
stage, which is given by

G

(©)

al(or ) 3
_5,;““(5,5—5,3)’ ©

where &, and S ?,, represent the effective displacement at total

failure and the initiation of damage respectively. 8, represents

the maximum effective displacement during the loading history.
The dependence of the fracture energy of the mode mix can

be defined based on a power law fracture criterion. It is given by

G,|" [6.1" [
GRGEGE

where GS, Gf and G,C are the critical fracture energies required
to cause failure in the normal, the first, and the second shear
directions respectively. « is the material parameter for power
law.

The material parameters used in the interface layer are: 7. =4
MPa, £ =#'=15MPa, G, =100 J/m% G. = G' =1,000 J/m>.
Elastic stiffness is 10’ MPa/m.

4. Staggered Assembly Conditions

In this paper, five shield tunnel assembly methods are set up.
Through the overall rotation of the tunnel, the position of the
center line of the tunnel is changed, different shield tunnel
assembly methods are realized, and the influence of the position
of the longitudinal joint on the relationship between the convergence
deformation and the development of invert tunnel disengaging is
explored. Under 5 conditions, the shield tunnel is rotated around

[ e [
B2 \K / Bl
fl e [

A3 Al

A3 A2

(d)

Fig. 13. Assembly Method for Each Working Condition: (a) Condition 1, (b) Condition 2, (c) Condition 3, (d) Condition 4
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(a) (b)
Fig. 14. Convergence Deformation of Shield Tunnel (5 times amplified): (a) Load = 0.1, (b) Load = 0.5, (c) Load = 1.0

the center by 0°, 22.5°, 45°, 67.5° and 90° respectively, which
are namely as condition1, condition2, condition3, condition4 and
condition5. The assembly methods of shield tunnels under 5
conditions are shown in Fig. 13.

5. The Influence of Segment Assembly Method on
Convergence Deformation

Figure 14 shows the convergence deformation of the shied
tunnel under different loads. When the load increases, the
convergence deformation of shield tunnel increases gradually.
Fig. 15 shows the horizontal convergence deformation of shield
tunnels under 5 conditions. With the load increases, the growth
trend of the convergent deformation of each condition is the
same, and the difference lies in its magnitude. The curve can be
divided into four parts. In stage I, the horizontal convergent
deformation of the five conditions is less than 13.5 mm, and the
development of the deformation increases linearly with the load.
In stage II, the development speed of horizontal convergent
deformation increases, and the curve is concave. When the
horizontal convergent deformation reaches about 40 mm, it
enters stage III. At this time, the growth rate of horizontal
convergent deformation slows down, the curve is convex, and
soon enters stage IV, where the development speed of horizontal
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Fig. 15. Development of Horizontal Convergence Deformation

convergent deformation increases again. In stage II, III and IV,
the development speed of horizontal convergence deformation of
shield tunnel is different under different assembly modes. The
development speed of horizontal convergence deformation is the
slowest in condition 1, and the fastest in condition 3. Finally, the
horizontal convergent deformation of condition 3 is 180.9 mm,
and 137.5 mm for condition 1.

32507
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g 15004
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(b)

Fig. 16. Internal Force Change of Segment under Condition 1: (a) Axial Force, (b) Bending Moment
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From the center of the invert filling to its both edges, a total of
7 sections are divided every 10°, and the axial force and bending
moment of the segment on the split section under the loading
process are intercepted. The direction of the axial force is
perpendicular to the cross section, and the compression is positive.
The bending moment is positive when the outer side of the
segment is compressed and the inner side is tensioned.

Figure 16 shows the change process of segment internal force
with load increase under condition 1. The internal force increases
linearly with load increase. When the disengaging develops to
the section, the axial force decreases and the bending moment
increase faster. The axial force of the segment increases linearly
after the disengaging edge crosses the section. For the bending
moment, except for the 0° section, the bending moment of the
other sections slowly decreases until the loading history reaches
0.43, and then the bending moment of each section continues to
increase.

Figure 17 shows the change of the internal force of the
segment at 30° section of each condition with increasing load.
The changing trend of the internal force is the same in each
condition, and the difference lies in its magnitude. The internal
force first increases linearly. When the disengaging develops to
the section, the axial force decreases and the bending moment

10000 4

9000 - ..

- condition 1

8000 - condition 2
. condition 3

7000 s
Z condition 4
< 6000 condition 5 o
o e
o o
5 5000 //‘/i
= S
@ 4000 4 P
< 3000 4 k/'

2000 4

1000 -

0 T T T T T T T T T 1
00 01 02 03 04 05 06 07 08 09 10
Load
(@)

increase faster. When the disengaging edge crosses the section,
the segment axial force increases linearly with the load and the
bending moment decreases until the load history reaches 0.43,
and then the bending moment continues to increase with the
increase of the load. The bending moment of condition 2 is the
smallest among the five working conditions, while the axial
force is the largest among them.

6. Relationship between Disengaging Development
and Deformation

The development process of invert filling disengaging can be
characterized by disengaging ratio, which is the ratio of disengaged
interface layer area to the original area. Taking condition 1 as an
example, the red part in Fig. 18 is the interface layer that is still
stuck together, and the blue part is the disengaged layer. The
disengaging of invert filling first occurred at the boundary of the
layer. With the increase of horizontal convergence deformation,
the disengaging boundary develops in the center of the invert
filling in a parallel way. When the disengaging ratio reaches
99%, the disengaging will not develop.

Figure 19 shows the relationship between the disengaging
ratio and the convergence deformation of shield tunnel under

2500
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— 2000 condition 2 . ?.
= 1 /7,
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£ 17507 condition 4 _.:;/
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Fig. 17. Internal Forces of the Segment at 30° Section of Each Condition: (a) Axial Force, (b) Bending Moment

(a) (b)
Fig. 18. Disengaging Diagram of Invert Filling: (a) Disengaging Ratio = 1.13%, (b) Disengaging Ratio = 50.61%, (c) Disengaging Ratio = 99.02%

(c)
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Fig. 19. Relationship between the Disengaging Ratio and the Convergence
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five conditions. The curve can be divided into four stages. In
stage I, when the convergence deformation is less than 13.5 mm,
disengaging does not occur. Stage II is the stage in which the
convergence deformation is less than 48 mm under five working
conditions, and the void rate is about 90%. Fitting the curve at
this stage, the slope of the linear regression equation are 0.0280,
0.0277, 0.0261, 0.0271 and 0.02573, R* are 0.99445, 0.99667,
0.99573, 0.99439 and 0.99499, respectively. Therefore, in stage
II, the disengaging ratio increases linearly with the horizontal
convergence deformation of the shield tunnel. When entering
stage 111, the disengaging rate slows down. When the horizontal
convergence deformation reaches about 100 mm, the disengaging
rate of five conditions reaches the maximum value of about 99%.
Then the curve enters stage IV, and the disengaging rate no
longer increases with the convergence deformation. Under these
five conditions, although the development speed of horizontal
convergence deformation is different, the variation law of
disengaging ratio with deformation is basically the same, that is,
the disengaging ratio is basically the same under the same
horizontal convergence deformation. Therefore, the assembly
method does not affect the growth law of disengaging ratio.
According to the displacement mode of the crack surface,
cracks can be divided into three types: type I (tension type), type
IT (slip type), and type III (tear type). When the shield tunnel is
deformed, the interface between invert filling and segment is in a
complex stress state. At this time, the cracking form of the
interface layer is a mixed mode with multiple crack types. In this
study, the damage evolution law of the interface layer is defined
by the energy based mixing criterion, and the failure mode of the
invert filling-segment interface under complex stress state is
studied. By calculating the ratio of the tear energy release rate
with respect to the total energy release rate, the relative ratio of
tensile deformation (or shear deformation) can be quantified.
According to the statistics of mode mix ratio during damage
evolution, the main failure modes of the interface layer between

9824 9994 lEJi:I“_a.
e

1.0 5 97%
949 "
Y

89%
p

0.9
0.8 /

/ proportion

0.7 4
] . —=— cumulative proportion

0.6

0.5 4

proportion

0.4 4

0.1

6% |

| I —
0.0 T T T T T T T T I

0-0.1 0102 0.2-0.3 0.3-0.4 0.4-0.5 0506 0.6-0.7 0.7-0.8 0.8-09 091

MMIXDME

=
T

Fig. 20. MMIXDME Statistical

invert filling and segment are determined. When MMIXDME is
between 0 and 0.5, the cohesive elements are controlled by
tensile damage, which leads to tensile cracks. Otherwhile the
cohesive elements are controlled by shear damage (shear cracks)
when the value is between 0.5 and 1. When MMIXDME is 1, the
cohesive elements are not damaged yet (Han et al., 2020; Dagorn et
al., 2021; Xiao et al., 2021). Taking conditionl as the research
object, the MMIXDME value of the interface layer was counted
with an interval of 0.1,an shown in Fig. 20. 89% of the interface
layer have a tensile failure, 11% of the interface layer have a
shear failure. The tensile failure is the main form of invert filling
disengaging.

7. Relationship between Disengaging Distance
and Deformation

The disengaging distance is the shortest distance between the
edge of invert filling and the segment, which is represented by
“d” in Fig. 21. Fig. 22 shows the relationship between the
disengaging distance and the horizontal convergence deformation
under 5 conditions. The variation trend of disengaging distance
with the growth of convergence deformation is the same, but the
growth rate is different. Combined with the analysis of section 4,
the faster the development of deformation, the slower the growth
rate of disengaging distance. The curve can be divided into four
stages. In stage I, the convergence deformation is less than 13.5 mm.
There is no disengaging so the disengaging distance is zero. In
stage II, the development speed of the disengaging distance
increases, and the curve is concave. When the horizontal convergent
deformation reaches about 40 mm, it enters stage 111, the growth
rate of the disengaging distance slows down, and the curve is
convex. When the convergent deformation reaches 48 mm, it
enters stage IV, after which the disengaging distance increases
linearly with the horizontal convergent deformation of the
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Fig. 21. Disengaging Distance
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Fig. 22. Relationship between Disengaging Distance and Deformation

tunnel. Different from the development of the disengaging ratio,
when the disengaging rate no longer increases, the distance
between the edge of the invert tunnel and the segment is still
increasing due to the continuous increase of the tunnel deformation.
Therefore, the disengaging distance is still increasing.

8. Relationship between Disengaging Volume and
Deformation

As shown in the red area of Fig. 23, the disengaging volume is
the volume of the gap between the bottom of the invert filling
and the segment after disengaging. Taking the deformation of the
curve division in Fig. 22 as the control point, the disengaging
volume of the single-ring shield tunnel under five conditions is
extracted, as shown in Fig. 24. The variation trend of the disengaging
volume of each condition is the same, but the growth rate is
different. The trend of disengaging volume is similar to that
disengaging distance.
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\
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Fig. 23. Disengaging Volume (5 times amplified)
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Fig. 24. Relationship between Disengaging Volume and Deformation

Combined with the analysis in Section 4, the faster the
development of deformation, the slower the growth rate of the
disengaging distance, and the smaller the disengaging volume
under the same deformation. When the horizontal convergence
deformation reaches 80 mm, the disengaging volume in each
ring of shield tunnel is 0.0278 m? in condition 3 and 0.0308 m’ in
condition 1. This study has obtained the disengaging volume of
the invert filling under different deformations of shield tunnel,
which can provide a reference for the treatment of invert filling
disengaging.

9. Conclusions

A 3D numerical model of a three-ring staggered assembled shield
tunnel is established, which was verified by full-scale test.
Cohesive element is inserted between the invert filling and
tunnel segment to simulate the fracture process of invert filling-
segment interface. The main conclusions are as follows.
1. The development of invert filling disengaging affects the
internal forces of shield tunnel segments. During the
development of tunnel deformation, the axial force at the
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section of the segment where the disengaging edge is located
decreases, and the bending moment accelerates rapidly.
When the disengaging edge crosses the section, the axial
force increases and the bending moment decrease first and
then increases.

2. The relationship between the development of invert filling
disengaging and the deformation of shield tunnel can be
divided into four stages. Different segment assembly methods
do not affect the variation of the disengaging ratio. Tensile
failure occurs in 89% of the interface layer, which is the
main form of invert filling disengaging.

3. The relationship between the development of disengaging
distance and the deformation of shield tunnel can be
divided into four stages. The growth rate of the disengaging
distance increases first and then slows down. When the
disengaging ratio reaches 90%, the disengaging distance
increases linearly with the deformation of shield tunnel.
The faster the horizontal convergent deformation develops
in the segment assembly method, the slower the growth
rate of the disengaging distance.

4. The faster the horizontal convergent deformation develops
in the segment assembly method, the slower the growth rate
of the disengaging volume. When the horizontal convergence
deformation reaches 80 mm, the disengaging volume in
each ring of shield tunnel is 0.0278 m® in condition 3 and
0.0308 m* in condition 1.
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