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Abstract

The mechanical properties of the steel-plate-reinforced segmental lining are generally determined by the load-bearing capacity of rein-
forced joints. However, there is a lack of valid calculation methods for compression-bending bearing capacity, and researchers mainly
rely on experience and analogy for the design of reinforced joints. This paper proposes an analytical model based on the deformation and
stress characteristics of the joint surface to calculate the compression-bending capacity of the steel-plate-reinforced joint. After verifying
the applicability of this analytical model through finite element simulations, the evalution rules of the load-bearing capacity of the rein-
forced joint were attained, followed by a quantitative investigation into the influence of joint parameters on it. The results show that: (1)
the bearing capacity curve of the reinforced joint under different axial forces can be separated into two parts, with the maximum ultimate
bending moment found at the demarcation point, where the steel plate yielding and joint failure occur simultaneously; (2) the steel plate
strength and cross-sectional area have a strong influence on the bearing capacity of the reinforced joint when the axial force is under
0.15RFF, where RFF is the axial force at pure-compression failure); (3) the concrete strength and segment width have a prominent influ-
ence on the curve when the axial force is over 0.30RFF; (4) the impact of the fictitious strain, bolt strength, bolt diameter, and bolt loca-

tion on the bearing capacity is minimal in range and amplitude.
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1 Introduction

During long-term services of shield tunnels, due to mate-
rial deterioration, surface surcharge, and other factors, the
load-bearing performance of lining structures may degrade,
increasing the risks to their long-term safety. Subsequent
and timely maintenance is needed to reinforce the lining
structure and enhance its load-bearing capacity (Shi & Li,
2015; Huang et al., 2017; Liu et al., 2018a). Compared with
setting carbon fiber reinforced polymer (CFRP) and cover
arches (Elmalich & Rabinovitch, 2009; Liu et al., 2016,
2020; Li et al., 2021), steel plate reinforcement is conve-
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nient due to its minimal space occupation. It also offers
good tensile performance and has been widely applied in
the field of shield tunnel reinforcement. The segmental joint
is a weak part of segmental linings, and its load-bearing
capacity after reinforcement will determine the mechanical
performance of the integral segmental lining. Existing
design methods are mainly applicable to original joints
and heavily rely on the experience and knowledge of engi-
neers, which may result in a waste of materials or insuffi-
ciency of bearing capacity. In such a context, a new
analytical model is proposed to calculate the load-bearing
capacity of segmental joints that are reinforced by steel
plates.

Studies in recent years have focused on the load-bearing
capacity of steel-plate-reinforced segmental linings (Zhao
et al., 2016; T. Liu et al., 2017; D. Zhang et al., 2019;
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Zhai et al., 2020), primarily using methods like tests and
numerical simulations that are labor-intensive and time-
consuming. A few researchers have studied the calculation
theories concerning reinforced lining structures. De
Lorenzis et al. (2006) and Liu et al. (2019) obtained multi-
ple calculation models of the interfacial stress distribution
between the thin plate and curved beam to better under-
stand the interfacial failure mechanism, but this is unable
to calculate the bearing capacity of the reinforced section;
J. Zhang et al., (2019) proposed a systematic analytical
model to obtain the ultimate bending moment of segments
reinforced by steel-concrete composite (SCC) based on
experimental data, but this model does not fit reinforced
joints; She et al. (2020) suggested four failure states of
the reinforced segment section and deduced the corre-
sponding calculation method for ultimate bending
moment, but this also is not applicable to reinforced joints;
Zhai et al. (2022) proposed an analytical solution for steel
plate reinforced tunnel linings, taking various interface slip
modes into account. This method has positive significance
for the rapid calculation of the bearing capacity of the
whole segmental ring, but it has limitations because it does
not consider the structural details of the joints; Liu et al.
(2023) proposed a method for calculating the bearing
capacity of reinforced segment considering steel plate cor-
rosion, which can predict the evolution rule of bearing
capacity of reinforced lining. However, this method is only
applicable to the segment body, not the joint, and the exist-
ing structural damage before reinforcement is not consid-
ered. Some scholars have also carried out research on the
analytical solution for tunnels with double linings, which
has certain reference values for the solution of reinforced
linings. For example, El Naggar et al. (2008) proposed a
closed-form analytical solution for a composite lining of
a circular tunnel in deep burial conditions, in which the
stress and displacement findings of a double-layered
circular tunnel lining were presented using thick-wall cylin-
der theory.

To sum up, very few scholars have performed in-depth
research on the calculation method concerning the value
of the bearing capacity of reinforced joints. Therefore, it
is of significance to establish an analytical model to calcu-
late the compression-bending bearing capacity of rein-
forced joints, which helps quickly determine the ultimate
bending moment while providing guidance for reinforce-
ment design. L. Zhang et al. (2019) carried out the theoret-
ical research on the mechanical performance of segmental
joints without reinforcement, which provided reference
for the related research of reinforced joints.

This paper built up a calculation model to analyze the
bearing capacity of the steel-plate-reinforced joint and its
sensitivity to design parameters. First, based on the classi-
cal theory of concrete structures, a quantitative analytical
model was proposed for calculating the compression-
bending bearing capacity of the reinforced joint. Then,
the reliability of this analytical model was verified. Finally,
the load-bearing capacity curves of the reinforced joint

under different axial forces were attained, and the sensitiv-
ity of the ultimate bending moment to various parameters
was examined using the proposed model.

2 Analytical model

A shield tunnel comprises multiple segments, each
including a joint surface, bolts, and other components.
The joint surface is usually not designed to be flat for
waterproofing and positioning purposes, which often
causes incomplete contact (discontinuity) between adjacent
concrete pieces under external loads. Such discontinuity
results in a lower load-bearing capacity compared with a
similar-sized concrete section. Figure 1 indicates the dis-
continuous features found on the joint surface, where &
refers to the cross-section height of the joint, d refers to
the distance between the bolt and the surface’s outer edge,
d; refers to the outer edge of the joint, d, refers to the out-
side concrete, ds refers to the waterproof zone, dy4 refers to
the core concrete, and ds refers to the inner edge of the
joint. Note that d, and d, are the actual compression zones
of the joint surface. In contrast to the general methods that
simplify the joint surface as a flat section (Zhu et al., 2014;
Zhang & Li, 2020), the approach adopted in this paper
takes into account the discontinuous features, which is cru-
cial in the quantitative calculation of the ultimate bending
moment.

2.1 Basic assumptions

To simplify the theoretical derivation process and ana-
lytical formulas, a series of assumptions were made.

(1) The plane-section assumption, the basis of the classi-
cal theory of concrete structures, was selected to describe
joint surface deformation (Li et al., 2015; Xiao et al.,
2019; L. Zhang et al., 2019; Y. Zhang et al., 2020).

(2) The actual compression zones were assumed to be in
close contact, and the influence of the prestress to bolts on
the load-bearing capacity of the joint was neglected (X. Liu
et al., 2017; Xiao et al., 2019; L. Zhang et al., 2019).

(3) The ultimate state was determined at the point when
the joint surface reaches the ultimate strain of concrete (Li
et al., 2015; L. Zhang et al., 2019; Guo et al., 2023).

(4) For the purpose of predicting the flexural capacity of
the joint with a safety margin, the slippage and failure of
the bond surface between the concrete and steel plate were
not considered (Liu et al., 2023; Y. Zhang et al., 2020; She
et al., 2020; J. Zhang et al., 2019).

(5) The bolts and steel plate were assumed to bear the
tensile stress only, that was, the contribution to the com-
pressive capacity of the joint was neglected (Li et al.,
2015; Xiao et al., 2019; L. Zhang et al., 2019; She et al.,
2020).

(6) The joint opening before reinforcement was moder-
ate, that was, the height of the compression zone was no
less than dy + d» + d;.
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Fig. 1. Discontinuous features of the joint surface. (a) Without reinforcement, and (b) after reinforcement.

2.2 Constitutive model

The constitutive model is vital to the accuracy of the cal-
culation results. This paper employs the constitutive model
recommended by Hongnestad, which consists of a para-

Straight line

—

&

C

cu

Fig. 2. Constitutive model of concrete.

bolic section and a linear-descending section, as shown in
Eq. (1) and Fig. 2.
[ — £

fc|:1_( %)2:|780<8c0
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(1)

o.(e) =

where g, and &, are the concrete stress and strain, respec-
tively; f, refers to the concrete’s yield stress; & = 0.002
refers to concrete’s yield strain; &, = 0.0033 refers to the
concrete’s ultimate strain.

The constitutive models adopted for the bolts and steel
plate are considered bilinear, which can be described as
Egs. (2) and (3), respectively.

fmy : Sm/gmya 0 < Em < Smy
O-m(gm) = ’ (2)
fmy, emy < €m
fspy : 8sp/‘gspyy 0 < Esp < Espy
O-sp = ) (3)
fspy7 Espy < &gp

where oy, and o, are the bolt and steel plate stress, respec-
tively; & and &, are the bolt and steel plate strain, respec-
tively; &ny and &g,y are the yield strain of the bolts and steel
plate, respectively; f,,, and f, are the yield stress of the
bolts and steel plate, respectively.
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Fig. 3. Deformation diagram of the joint surface just before steel plate reinforcement. (a) Bending deformation, and (b) strain distribution.

2.3 Analytical model and solution algorithm

2.3.1 Determining the fictitious strain s

The segmental joint subjected to the initial compression-
bending loads (defined as Ny, M,) has already rotated to a
certain degree before being reinforced, causing the outer
edge of the segment to be compressed and the inner edge
to be open, as shown in Fig. 3(a). The joint surface satisfies
the plane-section assumption, so the strain distribution
before reinforcement can be illustrated in Fig. 3(b), where
&0 refers to the concrete strain at the outer edge and &
refers to the bolt strain. For the tension zone, due to the
joint surface’s discontinuity, the tensile strain of the con-
crete is fictitious. This simplified strain distribution of seg-
mental joint surface has been used by previous studies (Li
et al., 2015; J. Zhang et al., 2019; L. Zhang et al., 2020).
In this paper, the tensile strain of the concrete at the inner
edge is defined as &g, .

The segmental joint experiences three major stages in the
entire stress process: partial core concrete compression,
joint compression of the core and the outside concrete,
and outside concrete compression (see Fig. 4). In the first
stage, the joint is mainly subjected to axial force and
slightly affected by bending moment; in the second stage,
the inner edge of joint undergoes a certain opening due

5 _
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Outside concrete Outside concrete;
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Fig. 4. Entire stress process of segmental joint with the sagging moment.
(a) Partial core concrete compression, (b) joint compression, and (c)
outside concrete compression.
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to bending moment, and the stress curve of concrete in
the compression zone is an approximately straight line;
and in the third stage, excessive opening of the joint occurs
due to high-level bending moment, which must be avoided
in the service of tunnels. From this, we can determine that
the second stage is the most appropriate time to conduct
steel plate reinforcement. Figure 5 shows the concrete stress
distribution of the joint surface just before reinforcement,
where o, represents the concrete stress at the outer edge,
Omo represents the bolt stress, and x, represents the height
of the compressive strain distribution range of the concrete.
Due to the large compression area of the concrete and low
bending moment, the concrete constitutive curve (indicated
by Eq. (1)) can be considered to be in the parabolic section
just before reinforcement. Based on the discontinuity of the
compression zone and equation Y N = 0, we can find the
axial force equilibrium equation with Eq. (4), while oy,
can be obtained according to Eq. (5), which is established
based on the plane-section assumption. The bending
moment equilibrium equation of the joint surface subjected
to a certain axial force can be represented as Eq. (6). Thus,
xo and & can be obtained according to Eqs. (4)-(6). Based
on the plane-section assumption, the fictitious strain &g
can be obtained from Eq. (7).

xo—d|—dr—d3 p
N():b/ O'C(—'&;_’o)dp
0 X0

xo—d] p
+b / o (— : 8040> dp — Gmodm, (4)
xo—di—d> X0

where b is the segment width, p is the integral variable
along the compression height, and A4, is the cross-
sectional area of the bolt.

C d - Em
Gmo = e,o(x7)60)’ (5)
0

where E,, is the elastic modulus of the bolt.
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Fig. 5. Compressive stress distribution of joint surface just before steel
plate reinforcement.
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8cAOh
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2.3.2 Determining the critical height of the concrete
compression zZone X,

Failure of reinforced joints, similar to original joints, is
deemed to occur at the moment when the outer edge of
concrete reaches the ultimate compressive strain (Li
etal., 2015; L. Zhang et al., 2019, 2020). As the main tensile
components of a reinforced joint, the bolts and steel plate
may have already yielded before joint failure. Herein, the
height of the concrete compression zone corresponding to
the simultaneous joint failure and bolt yielding is defined
as xq,1, While that corresponding to the simultaneous joint
failure and steel plate yielding is defined as x,,. Based on
the strain distribution characteristics, the calculation for
X1 and x.p can be expressed as Eqgs. (8) and (9),
respectively.

Eud
Xepl = —— 8
M = T o En (8)
Ecuh
Xeb2 =

; ©)
Ecu + 8sp,O +fspy/Esp

where E, represents the elastic modulus of the steel plate.

2.3.3 Determining the ultimate state of the reinforced joint

There are four ultimate states of the reinforced joint
based on the stress level of the bolts and steel plate:

(1) S-a, where the bolts have yielded and the steel plate
has not;

(2) S-b, where both the bolts and the steel plate have
yielded;

(3) S-c, where the steel plate has yielded and bolts have
not;

(4) S-d, where neither the bolts nor steel plate has
yielded.

The height of the compression zone corresponding to
each failure state is successively defined as x., xc, X3,
and x4, and needs to satisfy the following conditions:

(1) for S-a, xep2 < Xei < Xebls

(2) for S-b, x> < xep1 and xex < Xepo;

(3) for S-c, xeb1 < X3 < Xep2;

(4) for S-d, Xea > Xept and xeq > Xepo-

To establish the equilibriums of the axial force and
bending moment corresponding to each failure state, the
simplified distribution of strain and stress in ultimate bear-
ing states is illustrated in Fig. 6(a) and (b). Figure 6(a)
shows the ultimate state where the outside concrete is com-
pressed jointly with the core concrete, and Fig. 6(b) shows
the ultimate state where only the outside concrete is com-
pressed, where x, refers to the height of the concrete com-
pression zone corresponding to any failure state, and M
and N refer to the bending moment and axial force at
any failure state, respectively.

If the steel plate cross-sectional area is large or the ten-
sile strength is high to a certain degree, the failure state S-a
may occur. The axial force equilibrium equation is written
as Eq. (10). The steel plate stress gy, can be obtained by Eq.
(11). Additionally, the bending moment equilibrium equa-
tion is written as Eq. (12), where the influence of steel plate
thickness on the bending moment is ignored due to the
huge difference in thickness between steel plate and seg-
ment. x.,; can be obtained by substituting N; into Egs.
(10) and (11). My can be obtained by substituting x
and N, into Eq. (12).

n diy1
N, = bZ/ Ge <x£ : p> dp — frngAm — O Ay, (10)
i=1 7 di

cl

where A, is the cross-sectional area of the steel plate.

Osp = SSpEsp = (8cuh/xcl — & — Ssp,O)Esp (1 1)
n diy1
MblzbZ/ GC(E'gcu)(h_xCI +p)dp
=1 Jdi el
h
FmyAm(h = d) =Ny -3 (12)

For the failure state S-b, the equilibrium equations can
be established as Eqs. (13) and (14).
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Fig. 6. Simplified distribution of strain and stress in several ultimate
bearing states. (a) Joint compression of core and outside concrete, and (b)
outside concrete compression.

n divi
Na=b /d a, <;’2 : gcu> dp = fagdi — fodsy  (13)
i=1 i c

n diyi p
Mb2 ibz / Oc (x'ecu) (hfxCZ +p)dp
=1 Jdi c2

~ fmgAm(h —d) = N, g (14)
Generally positioned at the inner edge of the joint, the
steel plate may suffer obvious deformation when co-
bearing loads with concrete segments. If the steel plate
cross-sectional area is small or the tensile strength is weak,
the failure state S-c may occur, that is, the bolts have not
yielded and the steel plate has yielded when the concrete
reaches ultimate strain. The equilibrium equations of axial
force and bending moment are written as Eqs. (15) and
(17), respectively. Accordingly, the bolt stress a,, can be
obtained by Eq. (16), which can be established following
the plane-section assumption.

n dit1
N; = bz / O¢ <£ . Scu> dp — OmAm _fspyAsp (15)
d;

i1 Xe3
cud
Om = SmEm = (8 - 8cu)Em (16)
Xc3
n dis p
Mb3:bZ/ ac<—-scu)(h—x03 + p)dp
i—1 Jdi Xc3
h
— Ondn(h —d) = Ns -3 (17)

Under a high axial force, the extent of the joint opening
is small, resulting in low stress on the bolts and steel plate.
This may lead to failure state S-d, where both the bolts and
the steel plate do not yield despite the ultimate strain of
concrete. The equilibrium equations are established as
Egs. (18) and (19).

n diy
Ny :bz / G°<£"°'cU>dp_‘7mAm — 0pAyp (18)

—1 Jdi X

n dit
M =03 [ (La)th -+ piap
=1 Jdi Yed
—amAm(h—d)fN4~g (19)

Since the bolts and the steel plate are deemed tension-
only in this analytical model, the value(s) of o,4, and
omAm(h —d) in Eqs. (15)-(19) should be removed when
x. > d. Additionally, the value(s) of oyAy, in Eqs. (10)
and (18) should also be removed when x, > —f/—

5Cu+ssp,0.
2.4 Approximate solution

The analytical model requires complex integral calcula-
tion, which hinders efficiency for solutions to the ultimate
bending moment. To facilitate the solution process, the
concrete’s stress distribution can be transformed from non-
linear distribution to uniform distribution following the
equivalent principle (see Fig. 7). Equations (20) and (21)
should be satisfied to ensure that the total axial force value
and the force line of the joint surface remain constant
before and after this processing.

lﬁm&f@@#ﬁc (20)
0 Xe
A C Oc <x£c ' 3cu) (h — X +p)dp = OCfcﬁxc <h - ﬁ;c) (21)

In Eqgs. (20) and (21), « and f are the equivalent stress-
correction coefficients, which are 0.91 and 0.85 after solu-
tion (Xiao et al., 2019). Considering the discontinuous dis-
tribution of concrete stress due to the non-flat nature of the
joint surface, the integral formulas involved in this analyt-
ical model can be approximately represented, as shown in
Table 1.

Based on the aforementioned theoretical analysis, the
calculation process for the ultimate bending moment of a
steel-plate-reinforced joint can be determined (see flow-
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Fig. 7. Equivalent distribution of the concrete stress.

Table 1
Approximate representation of integral formulas.

Height of the concrete compression zone
n diy1 P
Zizl d,ﬁ Oc (Z : 3cu>dp

Approximate representation of

Approximate representation of
diy.
S [t o (2 o) (= e+ p)dp

dy < xe < Yyd; of Blxe —di)

ijldi <xe < Egzldi “fcﬁdz

x>0 d; af Blxe — di — d3)

(22) oaf Blxe — d1)<h - %> =

4 afopds(h— pdy 2 .
af B (h — pdy — L)+

(26) ”

bogep (s~ S0) (20— 53

chart in Fig. 8). First, the configuration parameters, mate-
rial parameters, and initial loads are input. Second, &,
X1, and xepy are determined according to Egs. (1)-(9).
Third, the axial force N is substituted into the equilibrium
equation of a random failure state, i.e., Eq. (10), (13), (15),
or (18), and a random approximate formula of the integral
calculation, i.e., Eq. (22), (24), or (26), is used to obtain the
height of compression zone x.. Fourth, the value x. is
checked to see whether it falls into the required range of
the selected formulas. If it does, the selected joint failure
state and approximate formulas are correct; otherwise,
the third step should be repeated and another formula of
other failure states should be adopted. Fifth, x. is substi-
tuted into the corresponding bending moment equilibrium
equation, i.e., Eq. (12), (14), (17), or (19), and approximate
formula, i.e., Eq. (23), (25), or (27), to solve for M. This
process is used to obtain the compression-bending capacity
of a steel plate-reinforced joint, which is crucial for the
design and bearing state evaluation of such joints.

3 Model verification

To ensure that the aforementioned calculation model is
both accurate and can be applied extensively, ABAQUS, a

commercial finite element (FE) software, was used to anal-
yse the compression-bending capacity.

3.1 FE modelling

The simulation model is detailed in Fig. 9. The tunnel
segments and bolts were modelled using C3D8R elements,
steel plate was modelled using C3D8I elements, rebars were
modelled using T3D2 elements, and the loading pads used
the rigid body. Considering the computational efficiency
and accuracy of this model, the mesh size ranged from 5
to 50 mm, and the established model contained a total of
48 646 elements. Surface-to-surface contacts were assigned
to the interface between segments and between the lining
and bolts. The normal behavior of the interface was defined
by a hard contact allowing separation. The tangential
behavior was determined by Coulomb friction based on
the penalty function. The friction coefficients between the
lining and bolts and between segments were 0.3 and 0.6,
respectively (Tassios & Vintzeleou, 1987; Xia et al.,
2021). For boundary conditions, a fixed hinge at one end
and a hinge with horizontal displacement freedom at the
other end were used. Kinematic coupling points were set
at the left and right end surfaces to avoid stress
concentration.
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Step 4 Does x, satisfy the value
requirements of the selected equilibrium equation and
approximate formula?

Fig. 8. Ultimate bending moment calculation process of a steel-plate-reinforced joint.

Bolt (C3D8R)

Adhesive layer (COH3D8

z 't‘ x Steel plate (C3D8I)

Kinematic coupling point

Fig. 9. Geometric model and meshing effect.

Loading pad (Rigid body)

Rebar (T3D2)
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The cohesive elements were employed to simulate poten-
tial interface damage at the interface between the segment
and steel plate, with their mechanical behavior defined by
a damage evolution model based on the traction-
separation response (Ding et al., 2023). Figure 10 depicts
the technical issues associated with simulating the mechan-
ical behavior of the bonding interface, where t represents
the interfacial stress, Ty 1S the bond strength, s is the rel-
ative displacement between the steel plate and the lining,
Suie 18 the ultimate relative displacement, K is the interfacial
stiffness, and G is the interfacial fracture energy. In addi-
tion, the variant standard discrete element group (SDEG)
ranging from 0 to 1.0 is used to quantitatively evaluate
the interface damage degree. The more serious the interface
damage is, the larger the value of SDEG. The specific
parameter values are listed in Table 2 (Sun et al., 2022;
Zhao et al., 2016). In this simulation, the implementation
of steel plate reinforcement was delayed until the internal
force within the segment reached a certain threshold. To
maintain consistency between the shape of the initially acti-
vated steel plate and the deformed segment, a method was
employed using the trace elements with minimal elastic
modulus and weight. This allows for accurate positioning
of the steel plate elements.

3.2 Loading method

The horizontal load N was applied to the two end faces
of the curved beams, and the vertical load P was applied to
the two loading pads fixed on the outer surface of the seg-
ments, as shown in Fig. 11. According to the classical the-
ory of structural mechanics, the bending moment of the

joint surface can be derived as Eq. (28).
M = PL — NH, (28)

where L refers to the horizontal distance between the func-
tional point of P and the adjacent end face, and H is the

Before
reinforcement
; ! ) /
: : *> Cohesive element ‘.
lL of i , 3 ! IL \
% ~~— Trace element
After

reinforcement

T l

0Y OV 020

%T
I Steel plate element
N

j\ Concrete element
O-0 O-0 ~ F
O 2 o) /;XO O O o C:_ /'Interface
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vertical distance between the functional point of Ny and
the geometric center of the joint surface.

The secondary loading mode was used in the FE simu-
lation. During the loading process before reinforcement,
N, was constant and P was continuously increased. When
the joint surface’s bending moment reached M, the steel
plate was activated. Thereafter, P; was increased until joint
failure occurred.

3.3 Results comparison

A comparison between FE simulation and theoretical
calculation results was performed in terms of the ultimate
bearing capacity and failure states of reinforced joints to
verify the accuracy of the analytical model. The parameter
values were listed as follows: 4 is 350 mm, d is 200 mm, d;
is 5 mm, d, is 35 mm, d3 is 74 mm, d, is 211 mm, b is
1 500 mm, f. is 25.3 MPa, f, is 200 MPa, f, is
400 MPa, Eg, is 210 GPa, E,;, is 206 GPa, &g is 0.0015,
A is 1413.5 mm®, and A4y, is 3000 mm>. The simulation
results are shown in Fig. 12.

As shown in Fig. 12, in the initial stage, the development
rate of the reinforced joint deflection was basically stable.
As M exceeded 270 kN-m, the deflection development rate
increased significantly. During the loading process, the fol-
lowing four damage behaviors occurred in turn: A. Inter-
face damage occurred (M = 262 kN-m), Hereafter, the
joint deflection developed rapidly; B. Steel plate yielded
(M =319 kN-m); C. Strain of the outside concrete basically
reached &, (M = 363 kN-m), which is generally taken as a
sign of structural ultimate state in the design theory of con-
crete structure; D. Reinforced joint reached ultimate state
(M = 415 kN-m), the criterion of which was that the bolts
had yielded. The discrepancy of the ultimate bending
moment obtained by FE simulation and theoretical analy-
sis (415 and 334 kN-m, respectively) was about 19.5%,
which can be attributed primarily to the difference in the

h Bond damage evolution model i
Damage initiation !

1 |
= i
t i
Damage evolution i

0 i
S ult S i

Fig. 10. Technical issues for simulating the mechanical behaivour of the bonding interface.
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Table 2
Parameters of the damage evolution model.
Direction Tpeak (MPa) Syle (mm) K (MPa/mm) G® (N/m)
In the normal direction 2.4 0.8 144 960
In the tangential direction 2.5 4.5 40 5625
P s¢ M
. R R B 1A
m o
.
Ns -
ST

500 -
D. Bolts yielded
C. Strain of the outside concrete
- 400 + basically reached €,
g B. Steel plate yielded . L.
z Original joint
= A. Interface damage Reinforced joint
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g :
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Fig. 12. FE simulation results. (a) Structural deflection, and (b) structural stress and interface damage.

structural ultimate state criterion employed by each
method. The criterion utilized in the theoretical method
was intentionally conservative, as it prioritized engineering
safety considerations. When the reinforced joint in simula-
tions reached the ultimate state employed in theoretical
analysis, the bending moment was found to be only 8.6%
higher than the prediction made by the analytical model.
The prediction accuracy of the analytical model could be
further improved by the introduction of the correction
coefficient or the consideration of the interface slip, which
are beyond the scope of this paper.

4 Evolution rules of load-bearing capacity of reinforced joint
From the analytical model proposed in Section 2, it can

be known that the load-bearing capacity and failure state
of a reinforced joint vary as the axial force N increases.

To visually reflect the joint failure state and reinforcing
benefits under different axial forces, this section presents
the load-bearing capacity curves of reinforced and original
joints obtained by the analytical model (see Fig. 13).
Herein, the indicator of the original joint failure is consis-
tent with that of the reinforced joint.

In Fig. 13(a), the load-bearing capacity curve of the rein-
forced joint contains three failure states: (1) S-b, where
both the bolts and steel plate have yielded; (2) S-c, where
the steel plate has yielded but not the bolts; (3) S-d, where
both the bolts and steel plate have not yielded. Six charac-
teristic points can be found on the compression-bending
capacity curve: RAM stands for M, at pure-bending fail-
ure; RBF stands for N above which bolt yielding will not
occur; RCF stands for N over which the bolts will not be
in tension; RDM stands for the maximum value of My;
REF stands for N above which the steel plate will not be
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Fig. 13. Comparison of load-bearing capacity curves of reinforced and original joints. (a) Reinforced joint, and (b) original joint.

in tension; and RFF stands for N at pure-compression fail-
ure. When N is small, the apparent joint opening can lead
to the yielding of the bolts and steel plate before joint fail-
ure (S-b). As N increases, the total joint opening degree
decreases, and bolt yielding will not occur (S-c). In partic-
ular, after N exceeds RCF, the bolts will no longer be
stressed. When My, reaches RDM, the steel plate yielding
and joint failure coincide. With a further increase of N,
both bolts and the steel plate cannot yield (S-d), and the
bearing capacity decreases continuously. When N reaches
RFF, the reinforced joint experiences a pure-compression
failure, i.e., the ultimate bending moment is zero. In terms
of its trend, the curve can be separated into two parts. In
the first part (from RAM to RDM), M, develops gradually
as N increases, and the failure mode is a large eccentric
compression failure because the steel plate eventually
yields. In the second part (from RDM to RFF), M,
decreases as N increases, and the failure mode is a small
eccentric compression failure because joint failure occurs
before the steel plate yields. The demarcation point
between these two parts indicates the simultaneous occur-
rence of steel plate yielding and joint failure.

In Fig. 13(b), the load-bearing capacity curve of the
original joint contains two failure states: (1) S-m, the bolts
have yielded, and (2) S-n, the bolts have not yielded. Four
characteristic points can be obtained on the curve: OAM
stands for My, at pure-bending failure; OBF stands for N
above which bolt will not yield; OCM stands for the max-
imum value of M,; and ODF stands for N at pure-
compression failure. Also, in terms of trend, the curve
can be separated into two parts. The first part is from
OAM to OCM, where My, increases with the increase of
N, and the second part is from OCM to ODM, where M,
gradually drops. At the demarcation point of these two
parts, the bolts are not stressed at joint failure.

In Fig. 13(a) and (b), the load-bearing capacity curves of
the reinforced and original joints both can be split into two
parts in terms of the development trend of My, and the
maximum My, can be obtained at the demarcation point,
which corresponds to different failure states in these two
curves. Adopting steel plate reinforcement in part I can
appreciably enhance the bearing capacity of the original
joint.

5 Parametric analysis

In the aforementioned analytical model, the
compression-bending bearing capacity of a steel plate-
reinforced joint is decided by various parameters from
the joint surface, bolts, concrete, and steel plate. The exist-
ing design methods are only for original segmental joints
and mainly rely on experiences (Y. Zhang et al., 2020).
These methods are insufficient in minimizing resource use
and meeting project requirements. Therefore, the analytical
method proposed in this paper is used to clarify the impor-
tance of various parameters on the bearing capacity of the
reinforced joint and provide a reference for reinforcement
design. In practical engineering, the heights of the joint sur-
face functional zone (d,, i = 1,- - -,5) must meet load, water-
proofing, durability, and other functional requirements,
and as such, the analysis of the heights is not conducted
here. Based on the control variable method, this section
measures the influence of the steel plate cross-sectional area
(Asp), steel plate strength (f,,), fictitious strain (&), con-
crete strength(f,), segment width (b), bolt strength (f,,),
bolt diameter (d,), and bolt location (d/h), on the ultimate
bending moment of the reinforced joint under different
axial force levels. Table 3 displays the calculation cases
for each parameter. The calculation results for eight
parameters are shown in Figs. 14-21.
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Table 3
Calculation cases for the parameters.

Parameter Value under each case Standard value
Steel plate cross-sectional area Ay, 3000, 4000, 5000 mm? 3000 mm?
Steel plate strength £,y 200, 300, 400 MPa 200 MPa
Fictitious strain &g, 0.0012, 0.0015, 0.0018 0.0015
Concrete strength f; 23.1, 25.3, 27.5 MPa 25.3 MPa
Segment width b 1.2,1.5 1.8 m 1.5m
Bolt strength fi,y 320, 400, 480 MPa 400 MPa
Bolt diameter d,, 30, 35, 40 mm 30 mm
Bolt location d/h 0.52, 0.57, 0.62 0.57
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——— o 2 i o 2
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Fig. 14. Load-bearing capacity curves of reinforced joints with different
A

sp*

Figures 14 and 15 show the load-bearing capacity of
reinforced joints that have different steel plate cross-
sectional areas and strengths, respectively. Herein, the
eccentricity corresponding to the point RDM is defined
as ep,. When N is so small that the eccentricity exceeds ey,
My, is strongly affected by changes in 4y, and f,, that is,
a significant rise of M}, can be seen along with the increase
of 4y, and f,, under a certain axial force. When eccentric-
ity is under ey, the increase in 4y, and £, has little impact
on My, because the steel plate cannot fully exert tensile
properties. The main difference between these two parame-
ters is that 4y, has a larger influence than f,, on the curves.
Considering the uncertainty of N during the service life of
tunnels, it is better to increase the steel plate cross-sectional
area rather than enhance the steel plate strength to improve
the load-bearing capacity of the reinforced joint.

Figure 16 shows the load-bearing capacity curves of
reinforced joints with different fictitious strains. It can be
found that the influence of &40 on the curve is limited to
the range between the characteristic points RDM and
REF. This is in line with the fact that only the equilibrium
equations of failure state S-d contain &g in the analytical

My(KkN-m)

Fig. 15. Load-bearing capacity curves of reinforced joints with different
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Figures 17 and 18 show the load-bearing capacity curves
of reinforced joints with different concrete strengths and
segment widths, respectively. It can be seen that £, and b
have an integral effect on the curve, which is indicated by
the expansion of the entire curve along with the increase
in the two parameters. Within the range where the eccen-
tricity is greater than ey, the variation amplitude of My
caused by the changes in f, and b develops with the
increase of N, while outside the range, the variation ampli-
tude is stable. Unlike the results of changing 4, f,y, and
&sp0, the bearing capacity of the reinforced joint under a
higher N can be greatly enhanced by increasing f, and b.
Considering that /. and b cannot be adjusted after the tun-
nel is put into service, the level and distribution of the loads
to be borne by the lining structure should be determined
before construction to ensure that the values of these two
parameters are reasonable.

Figure 19 represents the load-bearing capacity curves of
reinforced joints with different bolt strengths. The bolt
strength, f, ., impacts the curve only in the low range of
N. Within the impacted range, the My, under a certain N
increases in line with increasing f,,,, but the variation
amplitude is small. From this, it can be concluded that
optimizing the bolt strength has minimal improvement on
the bearing capacity of the reinforced joint.

Figures 20 and 21 show the load-bearing capacity curves
of reinforced joints with different bolt diameters and bolt
locations. The impact of d, and d/h on the curve is similar
both in range and amplitude. When the eccentricity exceeds
ey, the My, under a certain N increases as d,,, and d/h go up.
When the eccentricity is less than e,, d,, and d/h have
almost no impact on My,

The above analyses indicate that different parameters
exert different influences on the bearing capacity curve of
the reinforced joint. Specifically, (1) the steel plate strength
and cross-sectional area significantly influence the bearing

capacity of the reinforced joint, which is reflected in the
large variation amplitude of M, with changes in these
two parameters, but considering that the affected range
of the cross-sectional area of the steel plate is larger than
that of the steel plate strength, it is better to improve the
bearing capacity of the reinforced joint by optimizing
cross-section areas of the steel plate; (2) the fictitious strain
has minimal influence on the curve both in range and
amplitude; (3) the concrete strength and segment width
are highly influential on the bearing capacity curve, espe-
cially when N is large; and (4) the impact of bolt diameter
and the location on the bearing capacity of the reinforced
joint are limited in amplitude, and the bolt strength has a
negligible effect on the bearing capacity curve.

6 Sensitivities of ultimate bending moment of reinforced
joints

The analyses in previous sections indicate that the steel
plate cross-sectional area (4y,), steel plate strength (f,,),
concrete strength (f,), and segment width (b) have the lar-
gest impact on the bearing capacity of the reinforced joint,
but the impacts under different axial forces are not con-
stant. In this section, the sensitivities of these four param-
eters on My, are quantitatively analyzed. According to the
development trends of M} with increasing N described in
Figs. 13-20, four representative axial force levels
(0.15RFF, 0.30RFF, 0.45RFF, and 0.60RFF) are used to
reflect the impact of axial force level on the sensitivities
of various parameters. To ensure the comparability of the
calculation results of each condition, the variation ampli-
tude of parameters in each condition is 25.0% of the stan-
dard value (listed in Table 3). The calculation conditions
are shown in Table 4. Then, Eq. (29) can be adopted to
normalize the ultimate bending moment values in all condi-
tions (Liu et al., 2018b):
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_ x;—min(x;)
2= max (x;) — min (x,)’ (29)

where Z is the normalized value of My, being between 0 and
1; x; is the value of M,; max (x;) and min (x;) are the max-
imum and minimum values of x; taken as 502 and
0 kN - m, respectively.

Figure 22 shows the normalized results of ultimate
bending moment values of reinforced joints under different
axial forces. When N reaches 0.15RFF, the slopes of the
Z-value curves corresponding to these four parameters
are close, and the total increase of Z-value caused by the
changes in these parameters is 0.25, 0.25, 0.35, and 0.35,
respectively, indicating that the sensitivities of these param-
eters are close under low axial forces. With 0.30RFF, the
slopes of the Z-value curves corresponding to the concrete
strength and segment width are much larger than those cor-
responding to the steel plate strength and cross-sectional
area, and the total increase of Z-value caused by the
changes in these parameters is 0.23, 0.18, 0.65, and 0.65,
respectively. This indicates that the sensitivities of the con-
crete strength and segment width are appreciably higher
than those of the other two parameters. With N increasing
to 0.45RFF, the slopes of the Z-value curves corresponding
to the steel plate cross-sectional area and steel plate
strength decrease, while those corresponding to the con-
crete strength and segment width increase, and the total
increase of Z-value caused by the changes in these param-
eters is 0.09, 0.03, 0.93, and 0.93, respectively.

The above analysis indicates that, when N does not
exceed 0.15RFF, the sensitivities of these four parameters
with regard to M, are similar. When N is between
0.30RFF and 0.45RFF, the sensitivities of the concrete
strength and segment width with regard to M, are signifi-
cantly higher than the other two parameters, and the differ-
ence increases in line with N. When N exceeds 0.45RFF,
the concrete strength and segment width have prominent
effects on My, while the other two parameters have almost
no impact.

7 Conclusions

This paper proposed an analytical model that serves as a
reference for the design of steel plate reinforcement in seg-
mental joints under sagging moment, helping determine the
load-bearing capacity of a steel-plate-reinforced joint with
a safety margin. After verifying the validity of this model,
the evolution rule of load-bearing capacity of the rein-
forced joint was attained, and corresponding parametric
analysis was conducted. The following conclusions can be
drawn:

(1) Based on the deformation and stress characteristics
of the steel-plate-reinforced joint, an analytical model
was proposed to calculate the compression-bending capac-
ity of the joint. The proposed analytical model can provide

a valuable reference for the design of reinforcement in
shield tunnels and offer significant advantages over the
FE simulation in efficiency.

(2) The load-bearing capacity curve of the reinforced
joint under different axial forces is nonlinear, featured with
six special points that are determined based on the external
force characteristics of the joint surface and the stress level
of the bolts and steel plate. The curve comprises two parts:
in part I, My goes up with the increase of axial force (N),
and the failure mode is a large eccentric compression fail-
ure; in part II, My, goes down with the increase of N, and
the failure mode is a small eccentric compression failure.
The demarcation point between these parts represents the
simultaneous steel plate yielding and joint failure, from
which the maximum M, can be attained. Comparing the
bearing capacity curves of reinforced and original joints
reveals an obvious reinforcement effect in part I, on which
the N at each point is relatively low.

(3) When N is no more than 0.15RFF, the influence of
the steel plate strength and cross-sectional area on the
load-bearing capacity curve of the reinforced joint is signif-
icant, with the affected range of the former larger than that
of the latter. The fictitious strain has minimal impact on the
curve both in range and amplitude. The influence of con-
crete strength and segment width is prominent after N
exceeds 0.30RFF. The influence of the bolt diameter and
location is limited in amplitude, while the bolt strength
has a negligible impact on the curve.
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