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The transverse effective rigidity ratio is a key parameter when the uniform rigidity ring model is adopted to design or numerically
analyse segmental lining structures commonly used on a shield-driven tunnel. Traditionally, the transverse effective rigidity ratio
is treated as a constant, which can be evaluated through theoretical analysis and model tests. In this study, scale models were
designed and tested to investigate the variation of the transverse effective rigidity ratio in the segmental linings™ flattening
deformation process. The test results suggested that in the elastic stage, the transverse effective rigidity ratio fluctuated between
0.667 and 0.734 for the stagger-jointed rings and fluctuated between 0.503 and 0.642 for the straight-jointed rings. When
segmental linings were squashed and started to crack at the circumferential joints, the transverse effective rigidity ratio decreases
sharply. Then, a regression equation was obtained to fit the variation trend of 7 with the increase of horizontal convergence to the
outer-diameter ratio (AD/D,,,). Finally, in a case study, the regression equation was adapted to determine the value of # of an
operated shield tunnel which was once surcharged accidentally and deformed severely so as to numerically predict the prospective
deformation induced by the upcoming adjacent excavation. Numerical results indicated that as the value of # decreases, the
horizontal convergences of shield tunnel induced by adjacent excavation increase significantly and even more than doubled in the
case study. Comparatively, through taking account of the operating tunnels’ exiting transverse deformation, the predicted
deformation tends to be unfavourable.

1. Introduction

The shield-driven tunnelling method has been widely used for
the construction of underground tunnels in urban areas be-
cause it has advantages including flexibility, highly safe
construction efficiency, and minimum impact on the sur-
rounding environment. Most shield-driven tunnels have
utilised segmental linings connected by steel bolts. Besides,
tunnel segments are often articulated or coupled at longitu-
dinal and circumferential joints. Therefore, the characteristics

of joints have a notable influence on the behaviour of the
segmental linings. As a result, the effect of the joints on in-
ternal forces and deformation characteristic should be taken
into consideration in the design or safety evaluation of the
tunnel lining. In the engineering and numerical analyses
related to the underground shield-driven tunnel problems,
figuring out accurately the mechanism performance of seg-
mental linings has always been one of the major foci [1-3].

Consequently, appropriate design models, which can
accurately reflect the internal force and the loading
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condition imposed by the various surrounding ground, are
essentially required. In 1978, the International Tunnelling
Association [4] set up a professional team to collect design
model for shield tunnel linings applied in different countries.
Lee et al. [5] classified the typical methods of shield tunnel
lining design into four major categories: (a) empirical design
methods based on past tunnelling practices; (b) design
methods based on the in situ measurement and laboratory
testing; (c) circular ring in elastic foundation method; and
(d) continuum mechanics models including analytical
methods and numerical methods.

Generally, shield tunnel lining behaviour is often
approached as two plane problems along the transverse and
longitudinal direction in the design process although it is a
three-dimensional problem [6, 7]. Accordingly, the shield
tunnel lining is usually regarded as a planar problem in the
transverse direction. Among the design models mentioned
above, more often than not, the circular ring in the elastic
foundation method is utilised for both design and analysis
purposes. This method can also be categorized according to
how the joints of concrete segments are regarded, namely:
(1) uniform rigidity ring method [8]; (2) average uniform
rigidity ring [9-12]; (3) multihinge ring [13]; and (4) beam-
spring model [14-16]. The structural models that correspond
to these approaches are illustrated in Figure 1.

The uniform rigidity ring method is carried out by ab-
solutely ignoring the existence of the segment joints and that
resulting in an inaccurate bending moment at the joint area.
The multihinge ring method takes the segment joints as
perfect pins and is suitable and appropriate for the tunnelling
boring machine- (TBM-) driven tunnel in hard rock [17],
where the surrounding rock can maintain self-stability and
transfer enough reaction to the lining. The beam-spring
model, which simulates segmental joints with rotational
springs and reflects relatively accurate stiffness of the seg-
mental joints, is comparatively complex in calculation and
limited in application. In fact, after a great number of
practices and experience, especially in soft ground, the av-
erage uniform rigidity ring method has been widely employed
in segmental lining design of shield tunnel for its clear me-
chanical concept and the simple calculation. In the average
uniform rigidity ring method, the presence of the joints is
considered by introducing two factors [12], namely, the ef-
fective ratio of bending rigidity # reflecting the relative
stiffness between the segmental lining and the continuous
lining structure and the transfer ratio of bending moment &
reflecting the relative stiffness between segment and joint.
Accordingly, the equivalent stiffness of the segmental ling ring
is #EI (n <1), as shown in Figure 2, and the bending moments
of the segment and the joint are modified to be (1 + &) M, and
(1-&) My, respectively, as shown in Figure 3.

Thus, it can be seen that the value of the effective ratio of
the transverse bending rigidity has great theoretical signifi-
cance because the maximum bending moment of segments
and the diameter convergence of linings are closely associated
with the effective rigidity. Until now, the research studies
mainly focus on the value and influence of the effective ratio
of the transverse bending rigidity, typically by the means of
analytical solution and laboratory structural testing.
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Wood [10] presented an analytical approach to compute
the effective ratio of the transverse bending rigidity taking
the influence of joint stiffness and segment number into
consideration. Through assuming the deformation mode of
the circular tunnel is an ellipse, Liu and Hou [19] proposed
the elastic analytical formula for the value of # of the seg-
mental lining. Lee et al. [5] proposed the iterative analytical
method of # through employing the multihinge ring model,
and the fitting formula of the relationship between the ef-
fective ratio of the transverse bending rigidity and the pa-
rameters (tunnel radius, lining thickness, strata resistance
coeflicient, joint stiffness ratio, etc.) was obtained for the
segment assembling types with the straight joint. Accord-
ingly, their research concluded that the value of # ranges
from 0.1~0.6 in most of the soft ground. Zhong et al. [20]
qualitatively analysed the effective ratio of the transverse
bending rigidity after comparing the results calculated by the
average uniform rigidity ring and beam-spring models. Also,
they suggested that the effective ratio of the transverse
bending rigidity # of Chinese subway tunnels generally
ranges from 0.4 to 0.8.

Xu [21] and Huang et al. [22] fabricated the segments
and joints with polyethylene (PE) and PE sheets separately
and assembled into two-ring tunnel models. The laboratory
model test result indicated that the effective rigidity ratios of
the tunnel with straight joints and stagger joints were 0.67
and 0.75, respectively, for Shanghai Metro and the effect of
soil resistance on the effective rigidity of shield tunnel was
very small in soft ground. Ye et al. [23] designed and
manufactured three types of circular ring model, namely,
straight-jointed ring, stagger-jointed ring, and uniform ring,
which were made of PMMA simulating segments and al-
uminium welding wire simulating bolts. It is reported that
the range of the effective ratio of the transverse bending
rigidity value is between 0.09 and 0.23 under straight-jointed
condition and 0.30 and 0.80 under stagger-jointed condi-
tion. Zheng et al. [24] also adopted polyethylene and alu-
minium wire to fabricate the shield tunnel models, and the
effective rigidity ratios of the tunnel were investigated
through testing the model under the concentrated load and
realistic loading pattern in sandy soil. Taking the Shanghai
Yan-Jiang Tunnel as an example, Li et al. [25] analysed the
influence of buried depth on the effective ratio of the
transverse bending rigidity and found that the buried depth
has a great influence on 7. Feng et al. [26] carried out
prototype tests on segmental lining structure for shield
tunnel with a large cross section and attained the variation
pattern of 7 and & with load conditions; the experiment also
showed that as the section increases, # increases while &
decreases. Many Japanese scholars suggested that the
method of the whole ring loading test should be used to
determine #. In the design of Tokyo Bay expressway shield
tunnel, Uchida [27] adopted the uniform circular ring model
with #=0.8 and then carried out the prototype loading test
of the whole ring to prove the reasonability and validity of
the value. Kashima et al. [28] conducted prototype loading
tests on the stagger-jointed mode of the DPLEX shield
tunnel and determined that an 7 value of 0.8 was meaningful.
In conclusion, Japan Society of Civil Engineers recommends
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FIGURE I: Structural models of the shield segment. (a) Uniform rigidity ring method. (b) Average uniform rigidity ring. (c) Multihinge ring.

(d) Beam-spring model.

n=D,/D,

F1GUure 2: Concept of the effective ratio of bending rigidity [11].
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(18].

values of # and ¢ of 0.8 and 0.3, respectively. At present,
model tests are still the mainstream method to investigate
the effective ratio of the transverse bending rigidity.

It is common to treat the segmental linings as a con-
tinuous ring with a discounted rigidity in the numerical
analyses related to the shield tunnel. For instance, Chen et al.
[1] set the effective rigidity ratios of the lining for circum-
ferential directions to be 0.7 in order to numerically in-
vestigate the influence of large excavation on tunnel. Zheng
et al. [29] performed finite element analyses to investigate
the effect of cutoft wall on protecting the tunnel from de-
formation. And the transverse effective rigidity ratio of
tunnel lining was also set to 0.7.

Previous studies mainly focus on the transverse effective
bending rigidity ratio in the elastic stage. For example, elastic
materials are always used in model tests [22-24]. However,
the damage process of the material of segment rings as the
load increases can also conversely influence the value of the
transverse effective bending rigidity ratio. In this paper,
lining structure model tests, which are fabricated by brittle
gypsum material rather than the conventional elastic
polymer materials, are first carried out to investigate the
transverse effective bending rigidity ratio in the whole
process of loading. Second, a regression equation is devel-
oped to reflect the variation trend of # with the increase of
diameter convergence based on the experimental results.
Third, for numerical modelling purposes, a practical method
is suggested to determine the value of 77 based on the existing
horizontal deformation of an operated shield-driven tunnel
that can be obtained from on-site measurement.

2. Physical Model Tests

2.1. The Similarity of Model Tests. Physical models need to
satisfy a variety of similarity relationships in terms of ge-
ometry and physical-mechanical properties so that the
conclusions of the model can represent the prototype. The
similar model test is based on the model similarity theory,
which has three common points that can guide the design of
the model test and the processing of test data. In the model
test, the segmental tunnel linings used in Guangzhou city are
taken as the prototype.



The geometric similarity ratio C;=20 and elastic mod-
ulus Cg, = 20 are chosen as basic similarity ratios. The weights
of segmental rings are not considered because of their
negligible impact compared to those caused by the over-
burden pressure and the ground overload. Accordingly, a
series of similarity ratio between the prototype parameters
and the model parameters can be deduced, including the
similarity ratio of displacement Cs=C;=20, stress
C,=Cg=20, rotation Cy=C;=1, and strain C,=Cs/C;=1.

2.2. Modelling of the Segment. Figure 4 shows a typical shield
tunnel cross section with an outer diameter of 6 m and an
inner diameter of 5.4 m. The segmental lining is composed
of a universal segment combination of three standard
segments, i.e., B1, B2, and B3, two counter key segments,
i.e,, L1 and L2, and one key segment, F. The width of the
segmental lining is 1.5 m. Adjacent segments are connected
with two circumferential M24 curve bolts, and adjacent
segmental rings are connected with ten longitudinal M24
curve bolts.

The strength grade of the concrete used for the segmental
linings is C50 in Chinese concrete code. For the purpose of
simulating the concrete effectively, the segmental lining
model is made of a mixture of gypsum with diatomite and
water, which has similar brittleness and failure mechanics to
that of concrete [30] In this experiment, a number of
proportioning tests and compressive strength tests were
performed until the mechanical parameters can meet the
requirements. The final proportion in the mixture is
gypsum : diatomite : water =1:0.3: 1. Figure 5 shows one of
the compressive strength tests of the gypsum specimen. In
addition, the circumferential reinforcement and longitudi-
nal reinforcement of prototype concrete segments are of
HRB400E grade, the elastic modulus of which is 210 GPa.
But the detailing reinforcement of concrete segments is
ignored for its little effect on the lining models’ overall
performance. After comparing the mechanical property of a
variety of metal wires, the tinned iron wire whose elastic
modulus is 165 GPa is chosen to simulate the reinforcement
of concrete segments. According to the equivalent principle
of tensile rigidity, the diameter of the tinned wire distributed
in the inner and outer cambered surface of segments is
0.5mm and 0.6 mm, respectively, and the spacing of the
double layer tinned wire is equally 35 mm both in the inner
and outer cambered surfaces of segments. Meanwhile, the
diameter of the longitudinal wire is 0.4 mm and the spacing
is 30 mm. The longitudinal wires and circumferential wires
were welded into wire mesh, as shown in Figure 6. Table 1
provides the geometrical parameters and material property
of the segmental lining.

2.3. Modelling of the Circumferential Joints. The circumfer-
ential joints influence the segmental linings’ overall be-
haviour seriously, but the complicated structural
characteristics of joints bring great difficulties to their
simulation. In fact, the compression stiffness and shear
stiffness of circumferential joints have little influence on the
internal force and deformation of the segmental lining, and
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it is feasible to only consider the bending stiffness. Usually,
as the segmental lining is under the external load and de-
formed, joints at different positions will open inward or
outward. Therefore, the inner and outer dividing groove
method is used to simulate the circumferential joints
[31-33]. In the segmental lining models, the dividing
grooves with a certain width and depth were cut at the
locations corresponding to the circumferential joints. The
detailed structure of the circumferential joint of shield
tunnel is shown in Figure 7, and the circumferential joint of
the segmental lining is regarded as an articulation with a
certain bending rigidity. In the experiment, the simplified
method of the equal absolute value of bending stiffness
under positive and negative bending moment is used to
simulate the segment joint, although the bending rigidity of
positive and negative bending moment is not the same. The
bending stiffness of the groove must meet the requirements
of similarity ratio. According to the research findings [5], the
value of the bending rigidity of circumferential joint can be
approximately 5 x 10*kN-m/rad, so the width and depth of
the groove are calculated by using formulas (1) and (2)
developed in [32]. Generally, it is recommended that the
central angle of the groove is 3°~5° for the accuracy of the
simulation and the convenience of fabricating. Finally, both
of the groove width and depth are coincidentally determined
to be 5mm.

oo | 12L,k1 .| 121ka(D, + D) "
V" \b(ET +kL) ~ \2bEI + bkal (D, + D,)
— ((t - Hl)/CL)) (2)

2

where H; and L, represent the width and depth of the
groove based on prototype segmental lining, respectively, H
represents the depth of the groove based on the scaled
model, k represents the rotational stiffness of the prototype
circumferential joint, E and I represent the elastic modulus
and area moment of inertia of the prototype segment re-
spectively, b represents the width of the prototype segment,
D, and D, represent the external diameter and the internal
diameter of the prototype segment, and « represents the
central angle of the groove.

2.4. Modelling of the Longitudinal Joints. To simulate the
boundary condition, the three-ring segmental lining
structure was assembled by longitudinal joints for testing.
Guo et al. [34] and Wang et al. [33] considered the stiffness
of the longitudinal joint which was large enough to be
assumed as infinite, and simplistically, the straight steel
bars were used to simulate the joints between segmental
rings in their experiment. To be more exact, the stiffness
between segmental rings is finite and relative deformation,
for example, joint opening and dislocation will occur
commonly in actual projects. Also, the shear force possibly
varied in different assembly modes, and that is why
straight-jointed and stagger-jointed rings have obviously
different deformation characteristic. Therefore, the
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longitudinal bolts are considered as elastic spring and the nE, A, nE, A, 5
stiffness relationship between the prototype and the model I, = I, CeCls (3)
P m

is expressed by
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TABLE 1: Mechanical and geometrical parameters of the model tunnel.
Parameters Relation Prototype  Model
Inner diameter (mm) Cy=C=20 2700 135
Thickness of the segmental lining (mm) C,=C;=20 300 15
Width of the segmental lining (mm) C,=C=20 1500 75
Elastic modulus of the segmental lining (GPa) Cg=20 35.5 1.83
Compressive strength of the segmental lining (MPa) Cr=Cg=20 59.8 3.3
Total tensile stiffness of the reinforcement in the inner cambered surface of segments (kN) Cgs = CxC/>=8000 938700 140
Total tensile stiffness of the reinforcement in the outer cambered surface of segments (kN) Cg,= CxC/*=8000 551460 97

FiGure 7: Circumferential joint processing diagram.

where 7 is the number of longitudinal bolts, E,, is the elastic
modulus of bolts, A, is the area of a single bolt, and /;, is the
length of bolts.

The material selection of longitudinal bolts can be de-
termined based on the similarity ratio requirement and the
manufacturing requirements; several materials including
aluminium welding wires, iron wires, and brass wires were
taken as samples for testing. The tensile result shows that the
elastic modulus of the aluminium welding wire (type 1060) is
2.45x10* MPa, and it is suitable to be bent into the needed
shape for its flexibility. Thus, we decided to select aluminium
welding wire to simulate bolts and calculate the diameter
and length of aluminium welding wire using equation (3).
The geometric and mechanical properties of longitudinal
bolts of model and prototype segmental lining are shown in
Table 2.

2.5. Model Fabrication. The fabrication process involves
many steps. First of all, a handmade and detachable mould
was designed and manufactured for the casting of segmental
linings. The handmade mould was mainly made up of two
thin aluminium sheets and several circular wooden boards.
When assembling the mould, the two thin aluminium sheets
were rolled into cylinders, the diameter of which was the
inner and outer diameters of the segmental lining model,
respectively, and the wooden boards are used to support and
keep the shape of the aluminium sheets. Also, the double
layer wire mesh (simulating reinforcement), rubber strips
(forming circumferential dividing grooves), and hollow

aluminium tubes (forming longitudinal bolt holes) were
positioned precisely and embedded inside the mould in
advance. Next, the gypsum mixture was poured into the
mould, forming multiple ring model, as shown in Figure 8.
Then, the multiple ring model was cut into single rings
according to the width of the segmental linings, and the
embedded hollow aluminium tubes were simultaneously cut
in half. Finally, the single rings were assembled into three-
ring segmental linings through longitudinal joints.

Figure 9 shows the details of the longitudinal joints. After
cutting out the single rings, the aforementioned aluminium
welding wires (simulating longitudinal bolts) pass through
the bolt hole formed by the hollow aluminium tubes. Both
ends of longitudinal bolts were fixed by fixators, and the
pretension force of longitudinal bolts was applied so that the
adjacent rings were assembled firmly.

2.6. Apparatus of Model Tests and Experimental Procedure.
Figure 10 shows the overall view of the apparatus of the
model loading test. The model tests were conducted through
the load structure method on a specially designed experi-
mental bench. According to the research proposed by Huang
et al. [22], the transverse effective rigidity ratio of segmental
linings in the soft ground (the typical ground resistance
coefficient is 10000 kN/m?®) is almost the same as that of
segmental linings without lateral confinement. Therefore,
the lateral confinement was not imposed in the test. The
segmental rings were supported on the experimental bench,
and the line load was applied by a loading box at vault
position of linings. There were two rubber strips sticking on
both sides of contact line between the segmental lining and
the experimental bench. Through the rubber strips, the
displacement of the segmental lining’s bottom was con-
strained, and the physical model’s rigid-body displacement
and rotation were in turn constrained. Also, four vertical
rods were installed to ensure that the loading box only has
the freedom of vertical movement, and then the line load can
be applied exactly at vault position of segmental lining.

Since the weight of the loading box was 1.6kg ap-
proximately, placing the loading box on the top of the
segmental lining was regarded as the first loading stage.
Then, each subsequent loading was applied through placing
standard weights (1.5kg) into the loading box. The loading
was applied step by step until the segmental linings were
destroyed.

The middle ring among the assembled three-ring seg-
mental linings was the target ring to be measured. To reveal the
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TaBLE 2: The geometric and mechanical properties of model and prototype segmental lining.

Type Elastic modulus (MPa) Length of bolt (mm) Diameter of bolt (mm) Longitudinal bolt number
Prototype 2.06 x 10 470 24 10
Model 2.45x10* 31.8 0.9 10

. 1 ™

Aluminium wire Longitudinal
\ joint
o~
Ring 1 Ring 2
| [emm
14mm
Longitudinal

bolt hole Fixator

FIGURE 9: The details of the longitudinal joints.

radial deformation of the target ring effectively, digital
micrometres and static data collecting gauge were used to
measure and collect the displacement during the test. Eight
digital micrometres were distributed symmetrically around the
circular direction at an equal angle interval of 45 degrees, and
an extra digital micrometre was used to monitor the possible
movement of the experimental bench. A diagrammatic sketch
of the arrangement of the devices is shown in Figure 11.

2.7. Grouping and Test Content. To investigate the defor-
mation characteristic of segmental linings under different
assembled conditions, three types of segmental linings in
different assembled modes were tested, including uniform
ring (only longitudinal joint), straight-jointed rings, and
stagger-jointed rings, which are shown in Figure 12. Besides,
the key blocks of the straight-jointed rings and the stagger-
jointed rings are located at the vault and the vault offset of 18".
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F1GUre 12: Three types of segmental lining. (a) Uniform rings. (b) Straight-jointed rings. (c) Stagger-jointed rings.
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3. Experiment Results and Analysis

The experimental results of the segmental linings are con-
verted into the corresponding prototype segmental lining
according to the general law of similarity of the model test.
Also, the weights applied on the vault are converted to line
load along the width of the lining.

3.1. Transverse Deformation Characteristic. Figure 13 shows
the deformation results in several loading stages, and the
deformed shapes are reproduced through the measured
radial displacement of the representative points of the
middle ring, from which it can be seen that both the uniform
rings and the straight-jointed rings deformed symmetrically
while the stagger-jointed rings were not. Besides, the largest
deformation occurs in the vault of the three types of seg-
mental linings and the horizontal diameter is the second.
However, the position at 135° of stagger-jointed rings also
shows relatively large deformation, which may be attributed
to the key segment of the middle ring tilted to the right side.

In the model tests, the displacement towards the outside
of the tunnel is defined as positive, and in contrast, the
displacement towards the inside of the tunnel is defined as
negative. It can be seen from Figure 14 that for these three
types of segmental lining structure, the vertical and hori-
zontal diameter variation increases almost linearly as the
concentrated load increases at the initial loading process.
The value of the horizontal and vertical displacement is
small, and there is no obvious elliptic deformation for the
lining structures, which indicates that the segmental lining
structures are in the elastic stage.

However, after the linear stage, the behaviour of different
segmental linings has diverged. For the uniform rings, after
the concentrated load increases linear to 550 kN/m, the
displacement increased with a slight acceleration. Finally,
when the concentrated load reached 594 kN/m, the vertical
and horizontal diameter variation increased sharply and
collapsed quickly, which showed brittle failure character-
istics. As for the straight-jointed rings and stagger-jointed
rings, the displacement still increased with an approximately
linear slope after the linear stage, but there is an obvious
acceleration trend in the increase rate. Meanwhile, the lining
structure exhibited obvious elliptic deformation. In the end,
the straight-jointed rings and stagger-jointed rings collapsed
as the concentrated load reached 280 kN/m and 419 kN/m,
respectively. In fact, it should be added that the horizontal
and vertical displacement of the model test may be larger
than practical engineering for the lateral confinement was
not considered and imposed in the model.

3.2. Failure of the Lining Structure. It can be seen from
Figure 15 that the failure modes of segmental linings have
different characteristics for different assembly conditions.
For the uniform rings, the deformation was small until four
main cracks started to emerge at the lining hance, vault, and
the bottom of the arc. The cracks at the lining vault and the
bottom of the arc of each ring were consecutive in the
longitudinal direction while the cracks at the hance were not,

which was possibly caused by the assembly error or the
existing defects of lining material. Then, the cracks expanded
rapidly and caused the exposure of the circumferential wires
embedded in the segments. As the loading continued to
increase, the exposed reinforcement wires also broke and the
whole lining structure collapsed all of a sudden.

For the straight-jointed rings, the first observed longi-
tudinal crack emerged at the outer surface of the circum-
ferential joint at the lining hance. As the load increased, the
crack expanded quickly and more cracks appeared at the
inner surface at the vault and arc bottom. After that, the
cracks penetrated the circumferential joints, and the lining
structure finally collapsed.

For the stagger-jointed rings, cracks also firstly emerged
at the circumferential joint. However, because the distri-
bution of the circumferential joints between the adjacent
ring is different, cracks were not consecutive in the longi-
tudinal direction. Besides, the rotation angle of circumfer-
ential joints was apparently larger than that of adjacent
segments. Therefore, the deformed shapes of the adjacent
rings were different, which caused obvious dislocations
between the adjacent rings and the longitudinal bolts to
undergo shear fracture.

3.3. Transverse Bending Rigidity Ratio. According to the
experiment results of various segmental rings conducted by
Huang et al. [22] and Ye et al. [23], the transverse bending
rigidity ratio can be determined by comparing the variation
value of the horizontal or vertical diameter of different
segmental rings under the same loading condition. The
calculation definition of 7 can be expressed as follows:

AD,,,
m = >
ADy,,
(4)
AD,
My = 2,
AD,,
n= E_I* = ﬁ (5)
EI AD/

where EI and EI* are the transverse bending rigidities of the
uniform rings and the assembled segmental rings, respec-
tively, and AD, and AD, are the maximum diameter var-
iation values (including horizontal diameter and vertical
diameter) of the assembled segmental rings and the uniform
rings, respectively.

According to the definition, the value of 5 of the seg-
mental linings can be calculated under each loading stage.
The curves of the transverse bending rigidity ratio during
loading are shown in Figure 16. As shown in Figure 16, for
the straight-jointed rings, when the concentrated load is less
than 176 kN/m, the calculated value of the transverse
bending rigidity ratio # is fluctuating between 0.503 and
0.642, and a slight upward trend can be observed at the same
time. When the concentrated load increases to 202 kN/m,
which is corresponding to the cracking loading in the
aforementioned failure process of the straight-jointed rings,
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FIGURE 13: The deformed shape of lining models. (a) Uniform rings. (b) Straight-jointed rings. (c) Stagger-jointed rings.
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FIGURE 15: Failure of the lining structure. (a) Uniform rings. (b) Straight-jointed rings. (c) Stagger-jointed rings.
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FIGURe 16: Relationship of the value of 7 and the line load. (a) Stagger-jointed rings. (b) Straight-jointed rings.

n decreases sharply to 0.190. When the concentrated load
continued to increase to 280 kN/m, the decline rate of #
slows down and the value of # decreases from 0.190 to 0.027.
For the stagger-jointed rings, the relationship between the
transverse bending rigidity ratio and loading condition is
similar to that of the straight-jointed rings. When the
concentrated load is less than 150 kN/m, the calculated value
of the transverse bending rigidity ratio # is fluctuating be-
tween 0.667 and 0.734, and a slight upward trend can be

observed. When the concentrated load increases to 202 kN/
m, which is also corresponding to the cracking process of
stagger-jointed rings mentioned above, # decreases sharply
to0 0.204. When the concentrated load is greater than 202 kN/
m, the value of # descends relatively slowly from 0.191 at
228 kN/m to 0.022 at 428 kN/m.

To summarize, the stagger-jointed rings have a larger
overall transverse rigidity than that of the straight-jointed
rings. Before the transverse bending rigidity sharply
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decreases, the average value of # of the stagger-jointed rings
is 0.701 and the average value of # of the straight-jointed
rings is 0.587. The variation trends in the # value of both
assembled conditions are basically the same.

3.4. Regression Analysis. It is worth considering that the
loading condition applied to the lining structure on the tests
is different from the actual loading condition because of the
surrounding soil pressure. However, the loading condition is
varied under complicated stratum condition in the actual
shield tunnel engineering. Therefore, it will be more
meaningful to establish the relationship between the
transverse bending rigidity ratio and the deformation
characteristic quantity of segmental linings. Moreover, in the
engineering practice, the deformation parameters are often
adapted as the key performance indicators (KPIs) for
evaluation of the serviceability and structural safety [35]. For
instance, the ratio of convergence of horizontal diameter
over the initial outer diameter, i.e., (AD/D,,), is commonly
regarded as the KPI. Therefore, considering that the ex-
periment results reveal the transverse bending rigidity ratio
is dependent on the deformation of tunnel lining, the re-
lationship between the transverse bending rigidity ratio and
the horizontal convergence to diameter ratio (AD/D,,,) is
obtained by regression analysis, as shown in Figure 17.
For the stagger-jointed rings, the regression equation is

D 3
0.70, when < 1.00%o,
out
}7 = > (6)
AD —-0.785 AD
0.719 , when > 1.00%eo.
Dout Dout J

For the straight-jointed rings, the regression equation is

D pN
0.59, when < 1.35%o,
out
rl = - (7)
AD\ ** AD
0.773 , when > 1.35%o.
Dout DOllt 7

Accordingly, the variation of the transverse bending
rigidity ratio could be divided into two stages, and the
convergence to diameter ratio (AD/D,) of turning points
is defined as the critical diameter convergence (AD/D, ).
the values of which are 1.00%o0 and 1.35%o for the stagger-
jointed rings and straight-jointed rings, respectively. Be-
cause of the effect of surrounding soil pressure and the
lateral restriction, the value of the (AD/D )., will possibly
increase.

The formulas proposed can be valuable guidance for the
evaluation of shield tunnel serviceability and safety, espe-
cially for the operated shield tunnel whose diameter con-
vergence is larger than the critical diameter convergence. For
example, according to a case study of operated shield tunnel
subjected to an extreme surcharge, the field measurement
results showed that the convergence to diameter ratio

(AD/D,,,) of lower line tunnel and the upper line is on
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average at 6.88%o and 25.8%o, respectively [35]. Meanwhile,
another case study [36], which researches the response of the
Taipei Rapid Transit System shield tunnel induced by ad-
jacent excavation, presents that the diameter convergence of
the lining structure is 4.26%o in the horizontal direction and
7.38%o in the vertical direction. Therefore, it can be deduced
that the diameter convergences of tunnel lining in both cases
have far exceeded the critical diameter convergence
(AD/D, ) and consequently the transverse bending ri-
gidity of the operated shield tunnel lining has possibly
declined sharply. In the next section, another engineering
case involving an operated tunnel that was also subjected to
surcharges will be discussed. Besides, the relationship be-
tween the transverse bending rigidity ratio and the hori-
zontal convergence to diameter ratio based on the
experimental results will be applied to numerical analysis.

4. Case Study of an Operated Shield Tunnel and
the Numerical Analysis Based on the
Experimental Results

The operated shield tunnel, one of the sections of
Guangzhou Metro Line 3, was once subjected to accidental
surface surcharges, and relatively large diameter conver-
gences of the segmental linings were measured. However, a
foundation pit that is close to the tunnel will be excavated
and the effect of the adjacent excavation is urgent to be
predicted. In Sections 4.1 and 4.2, an overview of the op-
erated tunnel and the upcoming adjacent excavation will be
firstly illustrated.

Meanwhile, based on the experimental result, the
transverse bending rigidity ratio # of the shield tunnel is
dependent on the diameter convergence AD/D,,. When
diameter convergences AD/D,,, are relatively large and
especially exceed the critical diameter convergence
(AD/D ) the value of # decreases rapidly. To consider the
exiting horizontal diameter convergence which can be ob-
tained by on-site measurement, regression equations (6) and
(7) based on the model test are employed to determine the
value of the key parameter 5. Moreover, a practical method
was put forward to consider the variation of the parameter #
and numerically predict the further deformation of the
operated shield tunnel.

The specific deformation prediction method which
considers the existing deformation of tunnel linings is il-
lustrated as follows. On the one hand, the existing diameter
convergence of tunnel linings can be obtained by the way of
on-site measurement, so that the transverse bending rigidity
ratio 7, of operated shield tunnel can be determined through
substituting the measured horizontal convergence into re-
gression equations (6) and (7). Then, #, is introduced into
the first excavation step of numerical model as the original
value of the transverse bending rigidity ratio. On the other
hand, the numerically calculated results of horizontal di-
ameter convergence in each excavation step can be used to
back-calculate the transverse bending rigidity ratio and then
adopted as the original transverse bending rigidity ratio for the
next excavation step. After several iterations, a final transverse
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FIGURE 17: Regression analysis result. (a) Stagger-jointed rings. (b) Straight-jointed rings.

deformation AD/D,, is obtained as a prediction. The flow-
chart for the proposed prediction process of the operated
shield tunnel’s transverse deformation is shown in Figure 18.

4.1. Surcharge History of Shield Tunnel. A brief overview of
the operated shield tunnel is described as follows. The lining
structures’ cross section is the same as that exhibited in
Section 2.2, and the lining structure is assembled with a
stagger-jointed condition. The buried depth of the tunnel
crown varies from 6m to 9m. The soil layer at the con-
struction site mainly includes surface fill (layer @), medium-
coarse sand (layer @), silty clay (layer ®), hard plastic sandy
clay (layer ®), plastic sandy clay (layer ®m), fully
weathered granite (layer ®), and strongly weathered granite
(layer ®) (see Figure 19).

The shield-driven tunnel was completed in June 2006,
and after that, two accidental surface surcharges occurred.
On 18 January 2013, a large amount of waste soil from a
nearby construction site was piled up on the ground surface
above the tunnel, and the height of the waste soils was on
average 4 m. The abnormal settlement of the tunnel caused
by surcharge was quickly monitored, and the waste soil was
removed in two days. Figure 20(a) shows the settlement
curve of the tunnel beneath the surcharged area. It can be
seen that the maximum settlement of tunnel was 20.40 mm,
and the settlement of the tunnel rebounded 4~9 mm after
the overloading was removed. Another accidental surcharge
happened on 8 December 2018, and more of the waste soil
was abandoned on almost the same area and the height of the
waste soils was up to 6 m. Similarly, the overloading was
carried away after the sudden increase in displacement was
monitored. Figure 20(b) shows the curve of the tunnel
settlement after the second surcharge. It can be seen that at
the overlapping area of two surcharging, the maximum
settlement increased to 27.98 mm.

On 1 January 2019, the FARO three-dimensional laser
scanning technique was used to measure the configuration of
the segment rings that were seriously affected by the sur-
charging accidents. Figure 21 shows the variation of the

13
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—
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(b)
segment rings’ horizontal diameter from mileage

ZDK18 + 604~ZDK18 + 754. As shown in Figure 21, the
diameter convergence of segment rings was significantly
increased after two surcharging accidents, and the maximum
horizontal diameter convergence reaches 8.85%o at No. 50
segment ring.

4.2. Adjacent Excavation Project. In 2019, high-rise build-
ings adjacent to the shield tunnel were planned and
designed, and a five-level basement on the site was needed to
construct. The plan view is shown in Figure 22, and the
profile of section A-A is shown in Figure 23. It can be seen
that the boundary of the excavation was an irregular polygon
and was retained by a diaphragm wall in vertical and three
levels of reinforced concrete struts in horizontal. One of the
boundaries of the excavation is along the tunnel from the
metro station, and the horizontal distance between the di-
aphragm wall and the tunnel approximately equals 5.2 m.
The depth of the excavation is 21.55 m. The thickness of the
diaphragm wall is 1.2 m. The length and the width of the
cross sections of struts were varied in different positions and
range from 1.0 m to 1.5 m. The foundation pit is excavated at
four layers, which is followed in each level by strut
installation.

4.3. Numerical Analysis. In the aforementioned on-site
measurement data after the surcharging accidents, the
maximum horizontal diameter convergence ratio of the
tunnel lining was up to 8.85%o. It is of significance to
consider the influence of the existing transverse deformation
on the prospective deformation induced by adjacent exca-
vation. Therefore, the effective transverse rigidity ratio # that
was introduced to the numerical analysis was calculated by
regression equation (6), and the convergence to diameter
ratio (AD/D, ) in equation (6) was based on the on-site
measured horizontal diameter convergence ratio of the
operated tunnel.
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FiGUure 18: The flowchart of the specific deformation prediction method.
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FIGURE 21: Diameter convergence of segment rings through on-site
measurement.

Before the adjacent foundation pit was excavated, it was
urgent to predict the influence of the excavation on the
operated tunnel deformation. Therefore, the FEM program
PLAXIS was adapted to simulate the excavation process.
Considering that the surrounding environment was com-
plicated and the concerns were mainly focused on the tunnel
section that was once surcharged, the FE model based on
section A-A is analysed in a plane strain condition. The
domain of the model is 150 m x 60 m. Lateral boundaries are
fixed in the horizontal direction and on the bottom
boundary in both vertical and horizontal directions. The
mesh of the FE model is shown in Figure 24.

In the model, the hardening soil model with small strain
model (HSS), which can reflect the small strain behaviour of
the soil [37], is used to simulate the soil. The soil parameters
used in the numerical model are listed in Table 3. The di-
aphragm wall, struts, and tunnel lining are defined as linear

material, and the elastic modulus and Poisson’s ratio are
30 GPa and 0.2. The interaction between the structure and
the soil is modelled with an interface element that is 0.1 m in
virtual thickness. The excavation of soil layers and the in-
stallation of struts was conducted step by step. The influence
of pit dewatering on the deformation of structure and soil
was also simulated in the model.

In particular, for the tunnel lining under the surcharged
area, the horizontal diameter convergence was up to 8.85%o,
whose effective transverse rigidity ratio # can be calculated as
0.130 based on equation (6). For the purpose of studying the
prospective transverse deformation of tunnel linings with
different transverse rigidities, seven sets of tunnel linings
with different original effective transverse rigidity ratios are
involved in the numerical model, i.e., 0.7, 0.6, 0.5, 0.4, 0.3,
0.2, and 0.1, which correspond to different degrees of
transverse deformation. As described in detail in Figure 18,
the variation of the parameter # in each excavation step is
also included in the numerical model. The transverse de-
formation of the tunnel linings caused by the lateral
unloading in the process of adjacent excavation will result in
the decline of the effective transverse rigidity ratio, which
will in turn exacerbate the transverse deformation of the
tunnel linings in the subsequent excavation step. The final
transverse deformation states of tunnel lining are shown in
Figure 25, and the variations of horizontal convergence
during excavation are shown in Figure 26.

As shown in Figure 26, the horizontal convergences AD
of the tunnel lining increase when the adjacent foundation
pit is excavated from step 1 to 4, and the increment is
significant from step 3 to step 4. As the original effective
transverse rigidity ratio # decreases from 0.7 to 0.1, the
horizontal convergences AD increase obviously. When the
foundation pit was excavated to layer 4, the horizontal
convergences AD increase from 12.29 mm to 27.95mm as



16 Advances in Civil Engineering

< |
B Han;(jn S,
8 Wegt Togg
Q)

=
3 60m ||
60
e Excavation m o 27
) = Green
A o field
“& 1 i AN |_ i
- = Left tunnel
Ring 20 iRm 50 fmo
] T
I I )
Metro station \\ 7
~< o Right tunnel
.—-—————\___ Iy -—
/ A Green
field

Region surcharged severely
by waste soid

F1GURE 22: Plan view of the construction site.

GL.+0.0
A
1st excavation GL.-3.85 Lst strut GL.-2.85
7~ L
& O:fill 10.22m
N
=
2nd strut GL.-9.55 c
2nd excavation GL.-11.05 owe
B):silty clay 1.90m
3rd strut GL.-13.55 5.2m . (2):medium-coarse sand 1.80m
3rd excavation GL.-15.05
7
Invert (@) :hard plastic sandy clay 6.20m
4th excavation base GL.-21.55
Diaphragm wall () :fully weathered granite 8.50m
t=12m
GL.-34.85 (6):strongly weathered granite | 11.10m

FIGURE 23: Profile of soil layer, excavation, and tunnel (section A-A).

the original # decreases from 0.70 to 0.1, which increases by This indicates that the original horizontal diameter
1.27 times. Besides, as shown in Figure 25, differing from the ~ convergences of operated shield tunnel have a significant
previous concept that regarded the effective transverse ri-  effect on the subsequent deformation induced by adjacent
gidity as a constant value, the final deformed shape is ap-  excavation. When the lining structure is under the same

parently becoming larger as the tunnel linings’ original  excavation stage, the lateral unloading will cause different
effective transverse rigidity decreases. effects on the deformation of the lining structure with
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TaBLE 3: Input values of HSS parameters.

Soil layer type  Fill

Medium coarse sand Silty clay Hard plastic sandy clay Fully weathered granite Strongly weathered granite

y (kN-m~) 19.5 18.9 18.7 19.6 20 21
E™f (kPa) 3000 6200 6000 7500 12000 30000
EXf (kPa) 4000 7500 6200 7500 12000 30000
E™f (kPa) 15000 45200 37200 47000 60000 180000
¢ (kPa) 15 1 19.7 25 32 200
¢ 19 31 15.5 21 26 30
v 0 1 0 0 0 0
Vr 0.3 0.26 0.26 0.23 0.23 0.21
m 0.5 0.7 0.7 0.5 0.5 0.5
Yoy (1074 2.0 3.0 2.0 2.0 2.0 3.2
G, (kPa) 30000 130600 110000 133000 180000 620000
Ry 0.9 0.9 0.9 0.9 0.9 0.9

different effective transverse rigidity ratios. With the de-
cline of the effective transverse rigidity ratio, the horizontal
convergence increases gradually and the deformation of
lining structure tends to be unfavourable. Therefore, it is

highly probable that the deformation results of tunnel
lining will be more dangerous if a modified value of 7 is
introduced into numerical analyses of shield tunnel-related

problems.
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5. Conclusions

In this paper, experimental investigations for different as-
sembled lining structures were first conducted to study the
transverse bending rigidity, and the regression relationship
between the effective transverse bending rigidity ratio and
the horizontal diameter convergence was established. Be-
sides, a case study of an operated tunnel that was once
surcharged and deformed severely was presented in detail.
Then, based on the regression relationship proposed from
the experimental results, the influence of the transverse
effective rigidity ratio on the shield tunnel’s subsequent
deformation induced by adjacent excavation was explored.
The main conclusions can be drawn as follows:

(1) Based on the similarity theory, brittle gypsum ma-
terial was used to simulate the segment concrete and
featured the deformation characteristic of lining
structures after the elastic stage. A detachable mould

Hollow aluminium tubes were embedded between
segmental rings to form the shape of bolts hole,
through which the longitudinal joint bolts can pass.
The meticulous fabrication of segmental rings
revealed well the detailed structure of segmental
rings.

(2) The deformation characteristic and failure process of
the segmental linings are as follows: in the elastic
stage, the horizontal and vertical diameter variation
of three kinds of lining structure increased ap-
proximately linearly as the load increases. Cracks
first appeared at the circumferential joints for both of
the straight-jointed rings and the stagger-jointed
rings. Finally, the fractures at the circumferential
joints resulted in the collapse of lining structures.
Besides, obvious dislocations between the adjacent
rings occurred in the flattening deformation process
of stagger-jointed rings.

(3) The model test results show that before the model
cracked, the values of the transverse bending rigidity
ratio # fluctuate between 0.503 and 0.642 for the
straight-jointed rings and 0.667 and 0.734 for the
stagger-jointed rings. But the values of # decrease
sharply when the ratio of horizontal diameter con-
vergence exceeds the critical value.

(4) Existing transverse deformation will cause the de-
cline of transverse stiffness of operated tunnel lining
and subsequently result in much unfavourable
transverse deformation when subjected to lateral
unloading caused by adjacent excavation. It is highly
suggested to introduce the modified value of #, which
is obtained through substituting on-site measure-
ment data of the tunnel diameter convergence into
the regression equation summarized from experi-
mental results, into the numerical analyses of un-
derground shield-driven tunnel problems so that the
tunnel deformation and the lining structure safety
can be predicted more precisely.
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