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Abstract

Bonding steel plate has been used as a strengthening approach to repair disrupted segmental lining of operational tunnels. This paper
introduces numerical investigation into the composite behaviour of the initially deformed segmental tunnel linings strengthened by bond-
ing steel plates using finite element modelling. Cohesive zone modelling was used to simulate the interface bonding behaviour between the
segmental linings and steel plates. The full history of the tunnel behaviour before and after strengthening were simulated, where the seg-
mental tunnel lining is initially loaded to create some deformation, then after bonding steel plate, the strengthened tunnel is reloaded
until failure occurs. By comparing the results with experimental data from the literature, the proposed model was proved to be capable
of simulating the strengthened lining behaviour and able to capture the strengthening failure process in terms of the interface debonding.
Subsequently, the segmental lining response and interface shear stress distribution and propagation were analysed to interpret the inter-
action and failure mechanism of the steel plate strengthened segmental linings. The influence of the initial deformation and the steel plate
thickness were investigated and discussed in terms of the strengthened stiffness and capacity. It has been found that the interface shear
stress concentration occurred at the positions of the segment joints, where bond damage first initiated. The ultimate failure of the steel
plate strengthening happened suddenly once a local debonding zone close to the segmental joint was formed. In addition, the predicted
results indicate that a delay in strengthening would result in an increase in strengthened capacity but a decrease in strengthened stiffness.
By using thicker steel plates, the strengthened stiffness was improved, while the strengthened capacity could be improved only if the thick-
ness was relatively thin.
� 2023 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Over the past decades, there has been a considerable
increase in use of shield-driven tunnels for construction
in soft ground areas across the world. The lining systems
associated with shield-driven tunnels are commonly made
https://doi.org/10.1016/j.sandf.2023.101335
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up of precast reinforced concrete segments and bolts, the
segmental linings are often designed to behave as the only
permanent support system during the service life of the
tunnel. However, these long tube-shaped structures buried
in soft soils often face risks of being disrupted by close
engineering ground works or disturbance, such as adjacent
excavations (Chang et al., 2001b), pile drilling (RAIB,
2014), surcharge (Huang et al., 2016), and flooding (Van
Empel et al., 2006). In these situations, the segmental lin-
ings could possibly be adversely affected if they are not well
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protected, which threatens the safety of the tunnel opera-
tions. Therefore, effective repair measures must be taken
to strengthen the degraded or damaged segmental linings
so they could be capable of resisting further changes in sur-
rounding loads and environmental conditions. There are
several ways to strengthen damage tunnels, amongst these
the steel plate strengthening method has been widely
adopted due to its advantages, such as strengthening effec-
tiveness and mechanized installation (Kiriyama et al.,
2005). This method has been studied and used in many tun-
nel rehabilitation projects, as shown in Fig. 1. Chang et al.
(2001a) introduced a rehabilitation work for deformed seg-
mental tunnel linings due to nearby excavations in Taipei,
where steel segments were used to strengthen the damaged
tunnel linings. The design and construction procedure were
introduced in details. Zhang et al. (2019b) reported a case
of over-deformed segmental tunnel linings caused by exces-
Fig. 1. Shield-driven tunnels strengthened by steel plates, (a) Shanghai
metro tunnels (Zhang et al., 2019b), (b) Taipei transit system tunnel
(Chang et al., 2001a).

2

sive ground surface surcharge in Shanghai. In this case,
epoxy bonded steel plates were used to strengthen the seg-
mental lining rings with horizontal convergence ratios over
2.4%.

In order to know how much enhancement to the existing
tunnel this steel plate strengthening technique could bring,
some researches have been conducted. Taking the Shang-
hai Metro tunnel as prototypes, both full-scaled (Liu
et al., 2017) and small-scaled (Liu et al., 2019; Zhai et al.,
2020) laboratory model tests have been performed for
strengthening damaged segmental lining rings by bonding
steel plates. These experimental works demonstrated the
effectiveness of this method and provided valuable data
and observations for the composited lining behaviour
and strengthening failure process. It is admitted the effec-
tiveness of the plate bonding technique is strongly affected
by the performance of the bond interface between the
strengthening plate and the concrete substrate, where the
strengthening failure happens due to the formation and
rapid propagation of interfacial cracks. Although this phe-
nomenon could be observed during the physical experi-
ments, it was currently quite challenging to make precise
measurements of the interfacial sliding or strain conditions
at the model test scales (Zhang et al., 2019c; Zhai et al.,
2020).

Numerical tools offered a good complementary
approach, corresponding numerical studies were also per-
formed by researchers using different numerical approaches
(Zhao et al., 2016; Zhang et al., 2019a). In all these numer-
ical modelling, the interface between the tunnel linings and
the steel plates was simulated using spring elements with
nonlinear properties, which was computationally efficient
and capable of simulating the composite lining behaviour
before strengthening failure occurred. However, such inter-
face modelling approaches like TIE (there is no relative
motion between two surfaces with TIE constraints) or
spring elements (Zhang et al., 2019a; Li et al., 2021) could
not simulate the aforementioned debonding failure in terms
of the localized damage initiation and propagation along
the interface. An appropriate simulation of interface failure
is crucial, it is not only helpful in understanding the inter-
action mechanism of segmental linings and steel plates, but
also useful for predicting the enhanced capacity of the tun-
nel lining system after strengthening. Therefore, it would
be highly demanding for further numerical investigation
into the segmental tunnel lining strengthened by steel plates
with more precise consideration of the interface bonding
behaviour.

The cohesive modelling approach is one of the most effi-
cient techniques in debonding simulations, the concept of
which was first proposed by Barenblatt (1959) for crack
and fracture problems. It bridges the gap between the
stress- and energy-based criteria, and has been widely
applied in modelling of fracture under static, dynamic
and cycling load conditions (Wang et al., 2019 and 2022).
In recent years, the cohesive modelling has been success-
fully used in debonding analyses for concrete structures



Fig. 2. Finite element mesh of the segmental tunnel linings strengthened
by steel plates.
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with external bonded plates (Rabinovitch, 2008; De
Lorenzis and Zavarise, 2009; Zidani et al., 2015). In terms
of cohesive modelling for interfacial bonding problems, the
interfacial normal and shear stresses are nonlinearly con-
nected to the normal and tangential relative displacement
along the interface. As the bonding interface gradually sep-
arates, the bonding stress initially increases to a certain
level, then decreases as the separation continues, and
finally drops to zero. In this way, the whole debonding pro-
cess of interface interaction from perfect bonding to com-
plete separation is well captured. With the help of
cohesive modelling, the interface stress and displacement
conditions could be evaluated to interpret the interaction
mechanism between two bonded components.

However, previous study mainly focuses on the ordi-
nary structures like continuous beams or columns, for
these types of problems, the initial deformation of the
existing structure before strengthening is relatively small
and often ignored in previous research. Different from
the sample supported beams or columns, the shield tunnel
linings are assembled by separate concrete segments with
steel bolts, the opening and rotation at these bolt-
connected segmental joints results in discontinuous defor-
mation modes of the segmental tunnel linings. As observed
in practical cases, the tunnel lining deformation could be
relatively large, especially for those tunnels in soft soils.
Once the steel plates are bonded to strength the segmental
tunnel linings, the complicated interface stress distribution
and debonding propagation are certainly affected by these
structural discontinuities at the segmental joints. In addi-
tion, as an underground structure, the resistance from sur-
rounding soil due to soil-structure interaction accumulates
as tunnel deforms (Zhai et al., 2021, 2022). Thus, there is a
call for investigation into the influence of deformation
degree during the analysis of steel plates strengthening,
which could provide fundamental knowledge for determi-
nation of rehabilitation timing form a practical point of
view.

In this research, a finite element model for segmental
tunnel linings strengthened by steel plates was proposed,
in which the tunnel-plate interface is simulated using a
zero-thickness cohesive zone modelling technique. Valida-
tions for the proposed numerical model were conducted
with comparison to model test results, which was previ-
ously performed and published by the authors. After model
validation, the segmental lining behaviour before and after
strengthening was analysed by focusing on the joint open-
ing deformation and plastic strain distribution. Then, the
bonding stress distribution and propagation along the
interface between segmental linings and steel plate was
extracted, which provide a thorough investigation into
the interaction mechanism and failure process of this tun-
nel strengthening method. Subsequently, influence of the
initial degree of lining deformation and the steel plate
thickness have been discussed, to help achieve an optimal
design in terms of strengthening timing and materials
involved.
3

2. Finite element modelling

The structural behaviour of segmental tunnel linings
strengthened by steel plates was numerically investigated
using the finite element package ABAQUS. Details of the
model and the modelling process are introduced in this
section.

2.1. Finite element mesh and material properties

Assembled by numerous concrete segments with steel
bolts, the shield-driven tunnel is initially constructed as a
tube-shape with discontinuous joints. The existing of seg-
mental joints make lining stiffness varies unevenly along
the tunnel structures, these joints are often the weak chain
of the whole support system when the tunnel linings are
stressed due to external disturbance (Li et al., 2015). There-
fore, the complicated structural behaviour of these segmen-
tal joints should be considered appropriately with a
consideration of both accuracy and efficiency.

As shown in Fig. 2, a 2D plane strain finite element
mesh of the segmental tunnel linings strengthened by steel
plates has been established referred to Shanghai metro tun-
nels. In terms of the lining segments, six precast C50 rein-
forced concrete segments were assembled to form a ring
with an inner radius of 2.7 m and a lining thickness of
0.375 m. The RC segmental lining were modelled by
CPE4 elements (4-node plane strain quadrilateral elements)
with an elastic-perfectly-plastic property, as shown in



Fig. 3. Constitutive models and material properties, (a) lining concrete,
(b) steel, (c) soil springs, (d) segmental joint bolts.
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Fig. 3(a). The concrete segments are connected to adjacent
ones by straight bolt at the position of the longitudinal
joints. The segments were frictionally contacted and con-
nected by straight bolts, which were modelled by the
SPRINGA elements with nonlinear properties. The
force–deformation relationship for bolt springs is illus-
trated in Fig. 3 (d), where Fy and Ft are the yield and tensile
strength of the bolts.

According to the Guide Lines for the Design of Shield
Tunnel Lining proposed by the International Tunnelling
Association (ITA, 2000), the lining-soil interaction was
considered as the subgrade reaction proportional to the
displacement of the ground, which was simulated by a soil
spring system as shown in Fig. 2. The soil springs were
modelled by SPRING1 elements with a compression-only
behaviour as illustrated in Fig. 3 (c). The subgrade reaction
coefficient of the soil springs was adopted according to the
Shanghai Foundation Design Code (2010).

In terms of the strengthening components, a steel plate
was attached to the tunnel internal profile, which was mod-
elled by CPE4 elements with elastic-perfect-plastic steel
properties as shown in Fig. 3 (b).
Fig. 4. Mixed mode traction-separation law for the cohesive modelling
(Camanho and Dávila, 2002; Systemes, 2017).
2.2. Concrete-steel bonding interface behaviour

As a composite lining system after strengthening treat-
ment, both shear and normal stresses exist along the
steel-tunnel circumferential interface. For simplification
purposes in FE analysis, this interface is thought of a very
thin layer of adhesive with a constitutive response combin-
ing both shear and tension behaviours. Herein, a bilinear
traction-separation law for both normal (model-Ⅰ) and tan-
gential (mode-Ⅱ) behaviour was adopted for the cohesive
elements. Three characteristic parameters of the bonding
interface are captured, i.e., the fracture energy (covered
area under the curve), the elastic property (slope of the
curve in the elastic stage), and the cohesive strength (peak
stress), respectively. In this paper, the mixed mode condi-
4

tion is adopted, which requires suitable criteria for both
initiation and propagation of debonding crack. Different
interfacial stiffnesses in the elastic stages and cohesive
strength are considered for model-Ⅰ and mode-Ⅱ, respec-
tively. The mixed mode bilinear traction-separation law
for cohesive modelling is illustrated in Fig. 4, and its funda-
mental features are summarized in following paragraphs.

The elastic behaviour is determined in terms of the elas-
tic constitutive matrix that relates the nominal stress to
nominal strain across the interface as:

tn
ts

� �
¼ Enn Ens

Ens Ess

� �
en
es

� �
ð1Þ

where Enn and Ess are compression/tension stiffness and
shear stiffness, while Ens is adopted as 0 for uncoupled
behaviour (Ziraba and Baluch, 1995). tn and ts are nominal
normal and shear stresses, and en and es are nominal nor-
mal and shear strains, respectively. The nominal stresses
are forces components divided by the original area at each
integration point, while the nominal strains are the separa-
tions divided by the original constitutive thickness at each
integration point. The nominal strains are defined as:

en ¼ dn=T 0; es ¼ ds=T 0 ð2Þ
where dn and ds are corresponding separations, and T0 is
the original constitutive thickness (defaulted as 1.0).

The damage behaviour in the cohesive layer is defined
by specifying a damage initiation criterion and a damage
evolution law. The damage initiation refers to the begin-
ning of the degradation, while the damage evolution
describes the pattern in which cohesive elements are
degraded. Once the damage initiation criterion is met, the
cohesive layer damage can occur according to the damage
evolution law.

The quadratic stress failure criterion is adopted for the
damage initiation of the cohesive elements. It is assumed
that the onset of softening occurs when equation (3) is
fulfilled.



W. Zhai et al. Soils and Foundations 63 (2023) 101335
tnh i
t0n

� �2

þ ts
t0s

� �2

¼ 1 ð3Þ

where tn
0 and ts

0 represent peak values of nominal stress,
Macaulay operatorhiimplies that the negative normal stress
(compression) is assumed not to initiate damage.

The damage evolution law describes the rate at which
the cohesive material stiffness is degraded once the damage
initiation criterion is reached. The stress components of the
traction-separation model are developed due to damage
according to:

tn ¼ 1� Dð Þ tn
�
; tn
�
P 0

tn
�
; tn
�
< 0

(

ts ¼ 1� Dð Þ ts�
ð4Þ

where tn
�
and ts

�
are stress components predicted by the elas-

tic traction-separation behaviour for the current strains
without damage, and d is the damage variable. The linear
damage evolution law based on energy is adopted in this
paper, according to which the damage variable D is evalu-
ated as:

D ¼ dfm dmax
m � d0m

� �
dmax
m dfm � d0m

� � ð5Þ

dm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dnh i2 þ d2s

q
; dfm ¼ 2Gc=t0eff ð6Þ

where dm is the effective displacement, which is intro-
duced to describe the damage evolution under a combina-

tion of normal and shear deformation. dfm is the effective

displacement at complete failure, d0m is the effective dis-
placement at the damage initiation, dmax

m is the maximum
effective displacement during the loading history, Gc is
the energy dissipating due to failure, t0eff is the effective

traction at the damage initiation.
In Abaqus 2017, a library of cohesive elements is offered

to model the behavior of adhesive bonding interfaces. In
this work, the implementation of cohesive modelling was
conducted in Abaqus/Standard CAE environment follow-
ing the Abaqus User’s Manual (Systemes, 2017). All essen-
tial parameters that need to be given are presented in
Table 1. In terms of the elastic parameters, elastic stiffness
Table 1
Parameters of the traction-separation model for the interfacial cohesive
elements.

Parameters Symbol Unit Value

Cohesive element

properties

Normal stiffness Enn MPa/

mm

144

Shear stiffness Ess MPa/

mm

60

Peak nominal norm
stress

tn
0 MPa 9

Peak nominal shear
stress

ts
0 MPa 4.5

Interface fracture
energy

Gc N/mm 0.4

5

values are referred to the research on reinforced concrete
strengthened by epoxy-bonded steel plates conducted by
Jones et al. (1988), which were also used and validated in
the numerical work performed by Adhikary and
Mutsuyoshi (2002). In terms of the damage parameters,
peak stress and fracture energy are determined according
to study on concrete with external bonded plates per-
formed by Lu et al. (2005), which were used and validated
in the numerical work on strengthening RC beams with
bonding plates conducted by Zidani et al. (2015).

2.3. Loads and modelling procedures

According to the shield tunnel lining design guidelines
proposed by ITA (2000), a schematic of the load conditions
for the shallow buried circular tunnel is shown in Fig. 5.
The vertical earth pressure at the tunnel crown
q1 ¼ H � RHcoshð Þcs, the vertical earth pressure at tunnel
invert q2 ¼ H � p=4RHð Þcs, the lateral earth pressure
e ¼ k0 H � RHcoshð Þcs and the surcharge load (qs) are con-
sidered in this study. H is tunnel depth, RH is radius of lin-
ing centroid, cs is the unit weight of soils and k0 is the earth
pressure coefficient.

In order to capture the whole history of structural
response of segmental tunnel linings before and after the
steel plate strengthening, the simulation is conducted in
sequence of several steps. The modelling procedure is
demonstrated in terms of the relationship between the sur-
charge load and the corresponding tunnel deformation, as
illustrated in Fig. 6. In this figure, d0 and P0 indicate the
existing tunnel deformation and surcharge load level when
the steel plate strengthening is implemented, namely the
‘‘Strengthening Point”. du and Pu indicate the tunnel defor-
mation and surcharge load level when the segmental lining
strengthened by steel plate reach its capacity, namely the
‘‘Strengthening Failure Point”. It is noted that, in the reha-
bilitation practice of deformed segmental tunnel linings,
the existing deformation is often measured as a general
indicator to evaluate the tunnel lining performance, which
Fig. 5. A schematic of the load conditions.



Fig. 6. Illustration of the modelling procedures in terms of the tunnel
load-deformation relationship.
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is the key reference for the determination of the timing of
strengthening implementation. Therefore, the value of d0
is used to indicate the timing of strengthening in this paper,
where a smaller d0 implies earlier implementation of the
steel plate strengthening. In addition, the value of Pu is
used to indicate the capacity of strengthened tunnel linings,
where a larger Pu implies higher lining capacity after the
implementation of steel plate strengthening.

Initially, the earth pressure loads were applied to the
tunnel without the steel plate strengthening (steel plates ele-
ments were deactivated). Subsequently, the surcharge load
was applied, and the tunnel lining deformed as the load
increased. Once the tunnel lining deformed to a certain
level, namely the strengthening point, the steel plate ele-
ments were activated to achieve the simulation of strength-
ening deformed segmental tunnel linings. Then, the
surcharge load continued to be increased on the strength-
ened tunnel until the strengthening failure occurred, after
which the surcharged load could not be increased further.
This whole process is presented as a load-deformation
curve with three phases shown in Fig. 6.

3. Comparisons between the simulation and test results

Zhai et al. (2020) performed a laboratory model test for
strengthening damaged segmental tunnel lining using steel
Table 2
Material properties of the numerical simulation.

Properties

Reinforced concrete of segmental linings Compressive strength
Poisson’s ratio
Elastic modulus

Steel plates Elastic modulus
Poisson’s ratio
Thickness

Joint bolts Grade
Diameter
Length

Soils Subgrade reaction coeffici
Subgrade reaction coeffici
Unit weight
Lateral pressure coefficien

6

plates. This experiment was designed by scaling from the
actual segmental linings with an outer diameter of 6.2 m
of the Shanghai Metro tunnel. For comparison purposes,
the geometry and material parameters for the proposed
numerical model were determined according to the experi-
mental prototype, as given in Fig. 2 and Table 2. In this
experimental study, the rubber particles were utilized to
simulate deformational properties of layer No.③ to⑤ clay
soil in Shanghai, where local metro tunnels were usually
constructed. According to the Shanghai Foundation
Design Code DGJ08-11–2010, a subgrade reaction coeffi-
cient of 3000 kN/m3 is recommended for this type of soils.
Therefore, in order to simulate compression only soil-
tunnel interactions, the compressive stiffness was evaluated
by multiplying the subgrade reaction coefficient by element
dimension on the tunnel extrados, while the tensile stiffness
was adopted as 0.

The results from test No.2 of the experimental study
(Zhai et al., 2020) were selected, in which the segmental
tunnel linings were first deformed to a certain level

(DDh
D ¼ 2:2%), and then loaded until strengthening failure

occurred. The same process was simulated by the FE model
proposed in this paper, and the results from the experiment
and simulation were compared in terms of the lining dis-
placement, the steel plate stains, and the segmental joint
responses.

3.1. Lining deformation

As shown in Fig. 7, the horizontal diameter changes of
the segmental tunnel linings due to increasing surcharge
load were compared between the numerical simulation
results and the model test measurements. The deformation
and surcharge values are normalized as dimensionless val-
ues, namely DDh=D and qs=ch, for the � and y axis. It had
been observed in the model test: before the steel plate
strengthening, the segmental tunnel lining deformed non-
linearly as rotation occurred at the joints between adjacent
segments; after the steel plate strengthening, the lining stiff-
ness was improved significantly; as the surcharge load
increased, the strengthened lining stiffness suddenly van-
Symbol Unit Value

fc MPa 32.4
mc – 0.28
Ec MPa 34.5
Es MPa 200
ms – 0.2
ts mm 30
– – 5.8
d mm 30
l mm 400

ent(compression) ks
- kN/m3 3000

ent(tension) ks
+ kN/m3 0

c kN/m3 16
t k0 – 0.45



Fig. 7. Comparison of the numerical and experimental results in terms of
the tunnel lining deformation.

W. Zhai et al. Soils and Foundations 63 (2023) 101335
ished once debonding failure occurred at the interface. This
whole process is characterized in terms of a load-
deformation relationship, which is represented by the trian-
gular symbols in Fig. 7. This process was simulated numer-
ically using the proposed FE model, which is represented
by a load-deformation curve in this figure. Three phases,
namely before strengthening, after strengthening and
strengthening failure, were all simulated. As seen in
Fig. 7, there is a good agreement between the numerical
simulation results and the model test data in terms of lining
displacements.
Fig. 8. Comparison of steel plate strains between the numerical and the
experimental resultsJoint behaviour, (a) steel plate strains at the tunnel
crown, (b) steel plate strains at the tunnel spring line.
3.2. Steel plate strains

In the model test, once the strengthening procedure was
completed, strain gauges were attached to the plate so that
strains in the circumferential direction could be measured.
Therefore, the corresponding strains within the steel plates
were extracted from the numerical simulation results for
comparison purposes. Fig. 8 (a) shows the steel plate
strains at the location of the tunnel crown, where the mea-
sured tensile strains (positive) demonstrated that the steel
plates were in tension at this location. Fig. 8 (b) shows
the steel plate strains at the location of the tunnel spring
line, where the measured compressive strains (negative)
demonstrated that the steel plates were in compression at
this location. In both figures, the plate strain magnitudes
continued increasing as the surcharge load increased, until
an interface debonding failure occurred. A significant drop
in the steel plate strains was observed just after the
strengthening failure occurrence.

In both two figures, good agreements in trends were
observed between the simulated strain values and the test
measurements. Gaps between two curves became larger
when the strengthened tunnel was stressed towards failure.
In the experiment, the tunnel lining was modelled by gyp-
sum, where cracks propagated within linings. While the
segmental linings were simulated as continuum in finite ele-
ment modelling. Comparing with the uncracked linings, the
opening of cracks would relive strains in adjacent material.
7

Therefore, as shown in Fig. 8, strains from numerical sim-
ulation were larger than those from the model test.

Joints are the critical parts which influence segmental
tunnel lining behaviour (Gong et al., 2017 and 2023), the
simulated joint responses were extracted and compared to
those observations from the model test. Changes in the
joint opening as the surcharge load increased were shown
in Fig. 9. The � axis represents the relative surcharge level
calculated by P/Pu, where P is the surcharge and Pu is the
maximum surcharge when strengthening failure happened.
Before the strengthening point, the joint opening value at
different tunnel positions all increased with rising gradients,
which indicated a gradual reduction in the joint rotation
stiffness. After the strengthened point, the opening trend
of all the joints were significantly restricted. There were lit-
tle changes in the opening values of joints #2 and #3 as the
surcharge increased, while abrupt rises were observed when
strengthening failure suddenly occurred. The opening value
of joint at the tunnel crown was larger than those of the
joints at the other two positions.

In order to explain the reason for the observed trends of
the joint opening, the concrete and bolt behaviour at seg-
mental joints at different locations were analysed. Fig. 10
shows the responses of joint close to tunnel crown (joint



Fig. 9. Changes in the opening of joints at different tunnel lining
positions.
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#1). As shown in Fig. 10 (a), segmental linings were rotated
with opening at intrados, the extrados concrete was com-
pressed into plasticity, and bolt sustained tension. It is seen
that the simulated joint rotating deformation pattern
shows a good agreement with that observation in the model
test as shown in Fig. 10 (b). The accumulated concrete
plastic strain and bolt strain at joint #1 were shown in
Fig. 10 (c) and (d) respectively. Before the steel plate
strengthening was implemented, both the concrete plastic
compressive strain and the bolt tensile strain increased
rapidly. After the steel plate strengthening, increase in both
the concrete plastic strain and the bolt strain were
restricted and kept stable.

Fig. 11 presents structural response of the segmental
joint close to tunnel spring line. As shown in Fig. 11 (a),
segmental linings were rotated with opening at extrados,
the intrados concrete was compressed into plasticity. In
the model test, extrados opening and intrados concrete
crash were observed as shown in Fig. 11 (b), which pro-
vides a good validation to the simulation results in terms
Fig. 10. Structural response of the joint #1, (a) simulated joint deformation an
plastic strain, (d) bolt strain.
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of joint deformation patterns. The accumulated concrete
plastic strain and bolt strain at joint #2 were shown in
Fig. 11 (c) and (d) respectively. It is seen that the concrete
and bolt strain increased rapidly until the steel plate
strengthening was implemented.

Based on above comparisons between the simulation
and model test results, it is confident to say that the pro-
posed FE modelling has shown capabilities of simulating
the whole process of strengthening deformed segmental
tunnel linings by bonding steel plates, and to predicate
the structural behaviour of composited linings accurately
in the post-strengthening stage.

4. Results and discussion

4.1. Segmental tunnel lining behaviour

Fig. 12 shows the stress distribution in the segmental
tunnel lining strengthened by steel plates in terms of Mises
stress. It is observed that the segmental tunnel lining and
the steel plate behaved as a composite lining system after
strengthening. Stress condition in the steel plate varied at
different positions, where significant stress concentration
was observed within the area close to locations of the seg-
mental joints. In order to understand the steel plate beha-
viour, the steel stress at positions of joints #1 and #2
were extracted as shown in Fig. 13. Fig. 13 (a) presents
the steel plate stress at joint #1 near the tunnel crown,
where the steel plate was stressed on the opening side of
the segment joint. The tensile stress increased rapidly until
a sudden drop occurred when the strengthening failure
happened. The maximum tensile stress was 49.9 MPa.
Fig. 13 (b) presents the steel plate stress at joint #2 near
the tunnel spring line, where the steel plate was stressed
on the compressed side of the segment joint. The compres-
d plastic strain accumulation, (b) joint opening in model test, (c) concrete



Fig. 11. Structural response of the joint #2, (a) simulated joint deformation and plastic strain accumulation, (b) joint opening in model test, (c) concrete
plastic strain, (d) bolt strain.

Fig. 12. Stress contour of the segmental tunnel lining strengthened by steel plates.

Fig. 13. Stress in the steel plate at different tunnel positions, (a) joint #1, (b) joint #2.
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sive stress increased rapidly until a sudden drop occurred
when the strengthening failure happened. The maximum
compressive stress was 23.3 MPa. The stiffness of segmen-
tal joint was improved due to contribution from the steel
plate.
9

4.2. Interface shear stress

Interface is always the critical part for RC structures
strengthened by external bonding plates. For tunnel
strengthening problems, a well-bonded interface is a guar-
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antee of the interaction between the original segmental lin-
ing and the steel plate. This very interaction makes the two
components behave compatibly as a composite lining sup-
port system. In addition, the capacity of the strengthened
lining system is also determined by the interface properties.
The strengthening failure will occur once the interface
stresses exceed the interfacial layer strength. Therefore, a
thorough understanding of the stress distribution and the
evolution along the interface is essential for both mecha-
nism interpretation and capacity prediction of this steel
plates strengthening technique for deformed segmental tun-
nel linings.

As presented in Fig. 14 and Fig. 15, the distribution and
evolution of the shear stresses at the interface between the
segmental tunnel lining and the steel plate are extracted
from the simulation results. This helps us understand the
tunnel-plate interaction mechanism and the strengthening
failure process in terms of interface debonding. As shown
in Fig. 14, the orientation of the interface shear stress var-
ied circumferentially due to the existence of the segmental
joints.

As shown in Fig. 15, the interface shear stresses are dis-
played at different surcharge load levels, namely 68%, 87%,
99% and 100% Pu, where is Pu is the capacity of the
strengthened lining predicted using the FE model (as seen
in Fig. 7).

It is observed that shear stress concentration occurred at
the positions of the segment joints, while the stress ratio
stayed relatively low at other positions, as shown in
Fig. 15 (a). This is due to the existence of structural discon-
tinuity between the adjacent segments at positions of the
joints. As the strengthened lining continued to deform
ovally, the adjacent segments trended to rotate against each

other at the joint positions. The joint at hj�1 ¼ 8
�
(between

segment S-1 and S-2) trended to open inward, while the

joint at hj�2 ¼ 73
�
(between segment S-2 and S-3) trended

to open outward. The existence of the steel plate behaved
against this trend of deformation through the shear force
along the interface. Therefore, the stress orientation
changes were observed at the positions of these two joints.
The maximum shear stress appeared at a position very
Fig. 14. A schematic of the shear stresses between the segmental lining
and the steel plate.

Fig. 15. Distribution of the interface shear stress of the segmental lining
strengthened by steel plates at different load levels, (a) P = 68%Pu, (b)
P = 87%Pu, (c) P = 99%Pu, (d) P = 100%Pu. (Coordinates of joint #1 #2
and #3 are indicated by grey dashed lines).
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close to the joint between S-2 and S-3. The entire shear
stresses increased as the load increased.

The peak shear stress first hit the bonding strength of
the adhesive interface when P = 87% Pu, as shown in
Fig. 15 (b). Then, the peak stress point moved toward
the direction of the tunnel crown along the interface, and
the area from the peak stress point to the joint at
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hj�2 ¼ 73
�
started to damage, as shown in Fig. 15 (c). This

area propagated and expanded toward the tunnel crown
very rapidly. When P = 100% Pu, the area from

h ¼ 32
�
to67

�
had debonded, while the cohesive elements

within the rest of the interface area was not yet damaged.
However, the steel plates strengthening had totally failed.
Fig. 17. Influence of the initial degree of deformation on the stiffness and
the capacity of the strengthened segmental tunnel linings.
4.3. Influence of the tunnel initial degree of deformation

In practical works of strengthening deformed tunnels
using steel plates, there is always a question about when
the strengthening should take place, in other words, when
is the optimal time to apply the strengthening. The timing
of the strengthening is vital because a premature strength-
ening would cause extra cost, while a delayed strengthening
would worsen the risk of operational safety of the tunnel.
Therefore, it is important to understand the influence of
the strengthening timing.

Using the developed FE model, segmental tunnel linings
strengthened at different initial damaged degrees were sim-
ulated and presented in terms of P-d relations as shown in
Fig. 16. It is observed that as the initial lining deformation
before the strengthening increased, the slope of the
strengthened curved decreased and the maximum sur-
charge at the failure point increased. This means that a
delay in strengthening would lead to an increase in capacity
but a decrease in stiffness of the strengthening tunnel lin-
ings. For comparison purposes, the strengthened stiffness
(K) is defined as the curve slope and the strengthened
capacity (Pu) are defined as the surcharge load at the
strengthening failure point. The trends of these two indexes
are shown in Fig. 17.

As shown in Fig. 17, as the initial tunnel deformation
before strengthening changed from 1.0% to 6.4%, the
strengthened lining stiffness decreased by 45.5%, while the
strengthened lining capacity increased by 35.2%. The rea-
son is that as the initial deformation before strengthening
increases, more capacity of the original segmental lining
is utilized, and its structural condition gets worse due to
the segment damage and joint opening. After strengthen-
ing, the lining performance is improved on the base of
Fig. 16. Performances of segmental tunnel linings strengthened at
different initial degrees of deformation.
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the lining condition before strengthening. Thus, a decrease
in stiffness and an increase in capacity of the strengthened
lining is observed.

In addition, delay in strengthening means more tunnel
deformation would be allowed to happen. When the tunnel
is strengthened in an early stage, it benefits in deformation
control and strengthened tunnel stiffness, but it results in a
lower capacity and higher cost in practice since more rings
should be strengthened. When the tunnel is strengthened
quite late, it benefits in the strengthened tunnel capacity
and lower cost in practice since less rings would be
strengthened, but it results in larger deformation and lower
stiffness of the tunnel lining after strengthening. Eventu-
ally, it comes to a trade-off issue, which is about balancing
between the advantages and disadvantages in terms of stiff-
ness, capacity, and total cost.

4.4. Influence of the steel plate thickness

The steel plate thickness is the most critical parameter of
a design for strengthening existing tunnels. From an engi-
neering point of view, a thicker plate would possibly pro-
vide a stronger support. However, the increase in
strengthening materials would also bring difficulties in con-
struction and increased cost. Therefore, it is important to
investigate the influences of the steel plate thickness on
the strengthening effectiveness of the segmental tunnel
lining.

Using the developed FE model, tunnels with the same
initial degree of damage were strengthened by steel plates
with different thicknesses (5 mm to 30 mm with an interval
of 5 mm), their performance are shown in Fig. 18 in terms
of a P-d relationship. It is observed that as the steel plate
thickness increased, the stiffness of the strengthened tunnel
was improved, while the capacity increased until a certain
level. For comparison purposes, the strengthened stiffness
and the capacity indexes were evaluated for different steel
plate thicknesses.

As shown in Fig. 19, as the steel plate thickness
increased from 5 mm to 30 mm, the strengthened stiffness
increased by 78.9% with a relatively linear relationship,
while the strengthened capacity first increased from 0.82
to 0.94 as the steel plate thickness increased from 5 mm



Fig. 18. Performances of segmental tunnel linings strengthened by steel
plates with different plate thickness values.

Fig. 19. Influence of the steel plate thickness on the stiffness and the
capacity of segmental tunnel linings.
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to 15 mm, and then stayed around 0.93 despite the thicken-
ing of the plates. The reason is that the thickening of the
steel plates could improve the capacity of the strengthened
lining when the plate thickness was relative thin (less than
15 mm in this case). However, as the steel plates became
relative thick (over 15 mm in this case), the thickening of
steel plate could no longer enhance the capacity of the
strengthened tunnel, since it was mainly determined by
the interface property.
5. Conclusion

In this paper, the composite structural behaviour of seg-
mental tunnel linings strengthened by steel plates was
investigated using finite element approaches. The bonding
behaviour of the tunnel-plate interface were simulated
using cohesive elements with a traction-separation consti-
tutive behaviour. The numerical simulation result was care-
fully validated by comparison with experiment data. Using
this model, the influences of the initial damage degree
before strengthening and the steel plate thickness were
analysed. Some conclusions could be draw from this study
as follows:

(1) The structural stiffness of segmental lining is
degraded gradually as the tunnel deforms from a circle to
an elliptical shape due to surcharge loads. By strengthening
the deformed segmental tunnel lining using steel plates, the
12
deterioration of the lining plasticity at the segment joint are
well controlled, and both the structural stiffness and the
capacity of the segmental tunnel linings are improved
significantly.

(2) There is a significant variation in the shear stress
conditions along the tunnel-plate interface. The interface
shear stress concentrates at areas close to the segmental
joints. The maximum shear stress is located at the joint
near the tunnel spring line (between segments S-2 and S-
3). Once the maximum shear stress reaches the bonding
strength, a debonded area arises and starts to propagate
very rapidly. This results in a final failure of the entire steel
plate strengthening, when the debonded area are formed
within the circumference area from h = 32� to 67� along
the interface between the segmental linings and steel plates.

(3) The effect of the steel plate strengthening is influ-
enced by the initial degree of damage of the tunnel lining
before strengthening. A delay in strengthening timing will
cause a decrease in stiffness and an increase in the capacity
of the segmental tunnel lining strengthened by the steel
plates. In the case analysed in this paper, as the initial tun-
nel deformation before strengthening changed from 1.0%
to 6.4%, the strengthened lining stiffness decreased by
45.5%, while the strengthened lining capacity increased
by 35.2%.

(4) A thicker steel plate can make the strengthened lin-
ing stiffer only if the steel plate is relatively thin. In terms
of the case discussed in this paper, the strengthened capac-
ity can be improved by increasing the steel plate thickness,
only when the thickness is less than 15 mm. When steel
plates over 15 mm are used, the strengthened capacity will
not improve by increasing plate thickness.

Additionally, this paper mainly focused on the compos-
ite behavior of segmental tunnel lining strengthened by
steel plates with emphasis on the interface bonding perfor-
mance. In real-world applications of steel plate strengthen-
ing for tunnels, anchor bolts could be used for higher
connection between tunnel linings and steel plates, and
the steel plate would not be able to be bonded to the whole
range of tunnel ring intrados due to the existing of rail
tracks. More investigation should be conducted to further
understand the influence of these configurations.
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