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Abstract: This study aims to assess the comprehensive strengthening effect of a steel-ultra high performance concrete (UHPC)
composite strengthening method. The axial force-moment interaction curve (N-M curve) was calculated in a novel way, using
cross-sectional strains at ultimate states as well as real-time stress measurements for each material. The enclosed area of the N-
M curve was defined as a comprehensive performance index for the system. We validate our approach with comparisons to
numerical modeling and full-scale four-point bending experiments. Additionally, strengthening effects were compared for
different sagging and hogging moments based on material stress responses, and the impact of various strengthening parameters
was analyzed. We find that the N-M curve of the strengthened cross-section envelops that of the un-strengthened cross-section.
Notably, improvements in flexural capacity are greater under sagging moments during the large eccentric failure stage, and
greater under hogging moments during the small eccentric failure stage. This discrepancy is attributed to the strength utilization
of strengthening materials. These findings provide a reference for understanding the strengthening effects and parameters of
steel-UHPC composite.
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1 Introduction Various methods have been proposed to enhance

the bearing capacity and stiffness of shield tunnels, in-

The development of underground space in urban
environments has become crucial for tackling popula-
tion density and traffic congestion issues (Liao et al.,
2009, 2013, 2018; Chen et al., 2015). However, the
required underground construction can pose risks to
nearby existing shield tunnels (Chen et al., 2020;
Cheng et al., 2020, 2021), such as severe structural
damage (Chang et al., 2001; Zhang et al., 2013;
Huang et al., 2017; Li et al., 2018). Therefore, it is es-
sential to develop strengthening methods that can
safeguard such shield tunnels.
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cluding the conventional steel plate strengthening
method and the fiber reinforced polymer (FRP) streng-
thening method (Huang and Zhang, 2016; Huang
et al., 2017). The steel plate strengthening method uti-
lizes rigid materials to improve stiffness and bearing
capacity, but can also lead to interfacial damage and
brittle failure (Liu et al., 2018). On the other hand, the
FRP strengthening method employs flexible materials
to enhance stiffness and resistance to cracking, but can
cause limitations in bearing capacity (Zhang et al.,
2023). Recently, the steel-ultra high performance con-
crete (UHPC) composite strengthening method has
been proposed (Chen et al., 2024). Using UHPC has
shown promise in slowing crack propagation and im-
proving synergistic load-bearing between the strength-
ening layer and damaged concrete structures (Zhang
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JL et al., 2019; Qu et al., 2020; Zhu et al., 2021,
2020a). Additionally, using UHPC reduces the required
amount of steel, resulting in cost savings (Shao et al.,
2013, 2021, 2023).

Full-scale experiments have demonstrated that the
steel-UHPC composite strengthening method signifi-
cantly enhances structural flexural capacity, stiffness,
and ductility during failure (Ma, 2021; Chen et al.,
2024). However, the number of test specimens in
these studies has been limited, due to factors such as
complex loading equipment, extended testing periods,
and high costs. It is also important to note that the seg-
mental linings in these recent experiments were only
subjected to bending moments (Ma, 2021). In real sce-
narios, segmental linings will experience a combina-
tion of bending moments and axial forces, with the
flexural capacity being heavily influenced by the axial
force (Lee and Ge, 2001). Moreover, current tests and
numerical simulations primarily focus on the structural
mechanical response under a single axial force (Li
et al., 2015a, 2015b). The strengthening effect is typi-
cally evaluated based on improvements in structural
characteristic loads, such as cracking loads, yield
loads, and ultimate loads (Zhang JL et al., 2019;
Zhang Y et al., 2020). Furthermore, shield tunnels are
subjected to various external disturbances, including
vertical loading (Huang et al., 2017), vertical unload-
ing (Meng et al., 2020), and lateral unloading (Cheng
et al., 2020). Vertical loading leads to a significant in-
crease in axial force, while vertical unloading and lat-
eral unloading cause decreases in axial force. As a re-
sult, the segmental lining may experience diverse
combinations of axial forces and bending moments.

Therefore, a study of failure states which consid-
ers all internal forces is needed to understand the ef-
fectiveness of steel-UHPC composite strengthening
methods. The axial force-moment interaction (N-M)
curve is an essential tool for describing the flexural
capacity of reinforced concrete structures across all
axial force levels (Liu et al., 2023). Meanwhile, streng-
thened segment linings consist of different materials,
each with distinct mechanical properties. Thus, real-
time monitoring and assessment of the stress state of
each material is critical to capture all possible failure
states. However, few studies have addressed these
issues.

With these issues in mind, we propose an analyti-
cal method to calculate the N-M response of segmen-
tal linings strengthened by steel-UHPC composite
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materials. Additionally, we develop a numerical model
to validate this analytical solution. Subsequently, we
investigate and compare the strengthening effects
under sagging and hogging moments, and discuss
the differing material stress responses. Finally, using
N-M curves, we evaluate the mechanical performance
of segmental linings with different strengthening
parameters.

2 Analytical solution of the N-M curve
2.1 Basic assumption

We introduce a novel method to compute the N-
M curve for segmental linings strengthened by steel-
UHPC composites. The proposed method is based on
the following assumptions:

(a) The cross-section of the segmental lining fol-
lows the plane section assumption.

(b) The interface between the strengthening layer
and the segmental lining has sufficient connection
strength.

(c) Under sagging moments, the criteria for large
and small eccentric failures are the yielding of tensile
steel rebars and the collapse of the compressed con-
crete zone, respectively. Under hogging moments, the
criteria for large and small eccentric failures are the
yielding of tensile steel rebars and the failure of the
compressed UHPC zone, respectively.

(d) We use constitutive models of the materials
as depicted in Fig. 1. The constitutive model for con-
crete is based on the work of Zhang JL et al. (2019a),
and is shown in Eq. (1).

0, €0 <&,
E.¢., O<e . <égy,
2
o.= e & (1)
A 2°—(°) . —6,<e.<0,
800 600
_f‘c’ _gcu < gc <_8007

where ¢, and o, denote the strain and the stress of con-
crete, respectively, f.and f denote the compressive
and the tensile strength of concrete, respectively, &,
(=0.002), ¢, (=0.0033), and ¢, (=f/E,) stand for the
compression hardening strain, compression failure
strain, and tensile cracking strain of concrete, respec-
tively, and E, denotes Young’s modulus of the concrete.
Both the steel plate and steel rebars are considered
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Fig. 1 Constitutive models used for (a) concrete; (b) steel; (¢) UHPC

perfect elastoplastic materials, and are described by
Eq. (2).
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where ¢, and o, denote the strain and stress of steel
plate and steel rebars, respectively, £, and ¢, denote the
yield stress and the yield strain of the steel plate and
steel rebars, respectively, and E, denotes Young’s
modulus of the steel plate and steel rebars. The consti-
tutive model for UHPC is based on the study by
Zhang et al. (2020), and is provided in Eq. (3).

f;uhpco Stuhpc < Suhpc ’
O-uhpc = Euhpc 8uhpc’ _8cuhpc0 < guhpc < gtuhpc ’ (3)
_ﬁ:uhpc ’ _gcuhpcu < Suhpc < _Scuhpcm
where ¢, . and o, . denote the strain and stress of

uhpe uhpc

UHPC, respectively, f.,,.. denote the compres-
sive and the tensile strength of UHPC, respectively,
E,,. denotes Young’s modulus of the UHPC, and
s (20.0028), £y, (<0.0035), and £, (Ffp/Eony)
stand for the compression hardening strain, com-
pression failure strain, and tensile cracking strain of

UHPC, respectively.

and f;

uhpe

2.2 Analytical model and calculation method

As shown in Fig. 2, the cross-section of the
strengthened segmental lining comprises steel rebars,
concrete, a steel plate, and UHPC. When only sub-
jected to sagging moments, the strengthening layer is
placed on the tensile side. Conversely, under just hog-
ging moments, the strengthening layer operates in

M Steel plate  ®* UHPC  ee Steel rebar
-—

Ecuhpeo q
=

Concrete

Fig. 2 Cross-sectional strain evolution process for (a)
sagging moment and (b) hogging moment. References to
color refer to the online version of this figure

compression. Experimental studies on similar struc-
tures have shown that when exposed to solely sagging
or hogging moments, tensile failure occurs (Ma, 2021).
Specifically, the location of failure, whether in tension
or compression, is primarily determined by the magni-
tude of the axial force. At low axial forces, the cross-
section undergoes large eccentric failure, which is
characterized by the failure of the tension zone. The
yielding of steel rebars, which act as the final tensile-
yielding material, governs this large eccentric failure
under both sagging and hogging moments. On the
other hand, at high axial forces, the cross-section ex-
periences small eccentric failure, which is character-
ized by the failure of the compression zone. To deter-
mine the N-M curve, it is crucial to continuously cal-
culate the failure state across all axial force levels.
The strain state of the cross-section directly corre-
sponds to its internal force. Therefore, by resolving
the strain state from large eccentric failure to small
eccentric failure, the flexural capacity can be deter-
mined at each time step.

In Fig. 2, the blue double-dashed lines represent
the strain of the cross-section during the large eccentric



failure stage, with the yield strain of the steel bar in
the tension zone fixed at a critical value. As the axial
force increases, the compression zone progresses to-
wards the ultimate compressive strain of the concrete.
A denser double-dashed line indicates a larger bend-
ing moment on the cross-section, as depicted by the
blue arrow. The solid red line corresponds to the criti-
cal failure strain state, where the compression zone
fails and the tension zone yields, indicating the simulta-
neous occurrence of large and small eccentric failures.
As the axial force continues to increase, the fail-
ure of the cross-section is primarily governed by dam-
age to the compression zone. During the small eccen-
tric failure stage, the ultimate compressive strains of
concrete and UHPC serve as fixed points for sagging
and hogging moments, respectively. As the axial force
on the cross-section increases further, the steel rebars
gradually transition from tension to compression, as
depicted by the green dashed line. The dashed line be-
coming more sparse, as shown by the green arrow, in-
dicates a weaker bending moment on the cross-section.
The process of determining the N-M curve is il-
lustrated in Fig. 3. The calculation diagrams for the re-
inforced cross-section under pure sagging and hog-
ging moments are shown in Figs. 4 and 5, respectively.
Initially, the geometric and physical properties of the
cross-section are set based on Figs. 4 and 5. The ini-
tial value of axial force is set to 0 kN. The critical
characteristic strains for both large and small eccen-
tric failures are known. The cross-section curvature
(x) is known from the assumed height of the compres-
sion zone (4,) and the characteristic strains corre-
sponding to different eccentric failures. The stress of
each material is then calculated using the height of
the compression zone (%), the cross-section curvature
(x), and the constitutive equations. These stress ex-
pressions are then substituted into the axial force bal-
ance equation, and the axial force (&) is calculated by

N= [ s(naa, ()

where y represents the coordinate axis along the cross-
section’s height as depicted in Figs. 4 and 5, and 4 is
the area of the cross-section. The general expressions
for axial force (V) are given by Egs. (S1) and (S3) in
the electronic supplementary materials (ESM). A state
coefficient of either 1 (stress) or 0 (no stress) is intro-
duced to indicate whether each material is under stress.
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the initial values of state coefficients,
are set for each material.

|

The initial value of the axial
force is set to 0 kN.

ﬂ

The curvature is expressed using an\
unknown compression zone height and a
known limited strain. The yielding strain
of tensive steel rebars and the crushing
strain of concrete or UHPC areselected
as limiting strains of large and small

eccentric failures, respectively.

ﬂ The axial force is
increased by 1 kN.
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Fig. 3 N-M curve calculation flow chart for the steel-UHPC-
strengthened segmental lining

By utilizing Eq. (1), the compression zone height (/,)
is determined, along with the cross-section curvature
(x). The stress values for each material are then calcu-
lated and input to the bending moment balance equa-
tion, determining the flexural capacity, as given by

Eq. (5):
M= [ 5(y)yaa. ®)

The general expressions for bending moment
(M) are provided in Egs. (S2) and (S4) in the ESM. If
the calculated bending moment is greater than zero,
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Fig. 4 Calculation diagram for the strengthened cross-
section under a sagging moment: (a) structural dimensional;
(b) strain and stress distribution. 4, 4, and A denote the
areas of the intrados steel rebars, extrados steel rebars, and
steel plate layer, respectively; a, and a,; denote the thickness
of the inner and outer protective layers, respectively; 7
and ¢, denote the thicknesses of the steel plate and UHPC
layer, respectively; i, h, and H denote the heights of the
tensile rebars to the edge of the compression zone, the
compression zone height, and the segment lining thickness,
respectively; o, o,, 0,,,, and o, denote the stresses of the
intrados steel rebars, extrados steel rebars, the UHPC layer,
and the steel plate layer, respectively. References to color

refer to the online version of this figure
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Fig. 5 Calculation diagram for the strengthened cross-
section under a hogging moment: (a) structural dimensional;
(b) strain and stress distribution. References to color refer
to the online version of this figure

the stress state of each material is readjusted in real
time for the subsequent cycle, based on a compari-
son between the calculated material strains and the
characteristic strains from the constitutive relation-
ship. The state coefficients are adjusted correspond-
ingly according to Tables S1 and S2 in the ESM.
Then, the axial force is increased by 1 kN for the next
round of calculations. Regardless of whether the mo-
ment is sagging or hogging, the flexural capacity is
always assigned a positive value. The calculation con-
cludes when the calculated bending moment becomes
negative.

3 Validation with numerical and experimental
results

3.1 Finite element model

The numerical model presented in Fig. 6a, which
is a finite element model (FEM), reflects the dimen-
sions of the segmental lining used in the full-scale ex-
periments. It has an outer diameter (2R) of 6.2 m, an
inner diameter of 5.5 m, a thickness (H) of 0.35 m, a
width of 1.5 m, and a central angle (6) of 67.5° (Ma,
2021). For simplicity, the model does not consider the
hand holes, as they have a negligible effect on the
structural mechanical response. The UHPC and steel
plates are sized to match the width of the segmental
lining, and their thickness is determined based on ex-
perimental strengthening parameters, as illustrated in
Fig. 6b. The dimensions and positions of the anchor
screws also align with the experimental design (Ma,
2021). To accurately simulate the behavior of the con-
crete, UHPC, steel plates, and anchor screws, solid el-
ements (C3D8R) are utilized. The steel rebars are
modeled using truss elements (T3D2). In total, the
model is comprised of 17630 elements.

UHPC |ntrados

Steel
v layer
> Anchor plate rebars
- screw Normal
NCY concrete
)
(@) <

Y
2Hx (b)

Fig. 6 Finite element model and its geometric parameters
(a) and numerical modelling cell structure (b). References
to color refer to the online version of this figure

3.2 Constitutive models and parameters

The damaged concrete plasticity model has been
employed to represent the behavior and damage of
both concrete and UHPC materials (Moradloo et al.,
2019). Table 1 provides a list of the essential parame-
ters required for this model. The parameters for C50
concrete are derived from the stress-strain curves



Table 1 Parameters of the plastic damage models for
concrete and UHPC

Parameter Value
Concrete UHPC
Young’s modulus, £ (GPa) 345 48.8
Poisson’s ratio, v 0.20 0.15
Dilation angle (°) 38 15
Eccentricity, w 0.1 0.1
Biaxial/uniaxial compression 1.16 1.16
plastic strain ration, f;,/f.,
Invariant stress ration, K, 0.67 0.67
Viscosity parameter, u 0.0003 0.0005

obtained through uniaxial tensile and compressive
tests (MOHURD, 2011). Similarly, the parameters for
UHPC are determined from the uniaxial tensile and
compressive tests conducted by Yin et al. (2017),
Zhang et al. (2020), and Zhu et al. (2020b). The steel
rebars are modeled using an ideal elastoplastic model
(SAMR, 2022), with the specific parameters provided
in Table 2.

Table 2 Mechanical properties of the steel rebars and
anchor screw

. . . Young’s Poisson’s Yield
Material Specification modulus, ratio. v stress, f,
E (GPa) ’ (MPa)
Steel rebar HPB400 210 0.3 300
Steel rebar HRB400 200 0.3 400
Steel plate Q345 200 0.3 345
Anchor screw 12.9 200 0.3 1080

3.3 Constitutive models and parameters

As illustrated in Fig. 7a, the model’s boundary
condition is established as a simply supported beam
with its two ends connected to supporting points
“RP-1” and “RP-2” through the “coupling” function
in Abaqus. These reference points are fixed in the Y-
direction to prevent any movement. Additionally, the
two side surfaces are fixed in the Z-direction to re-
strict rigid body motion. Fig. 7b illustrates the connec-
tion between the steel bar and the segment lining,
which utilizes the “embedded” function. The interface
between the segment lining and the UHPC employs
cohesive and contact simulation, incorporating param-
eters obtained from the experiments conducted by
Hussein et al. (2016), Semendary and Svecova (2020),
and Zhu et al. (2021). These parameters can be found
in Table 3.
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Fig. 7 Numerical model: (a) boundary condition; (b)
interaction
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Table 3 Mechanical property parameters of the interface
between the concrete and UHPC (Ma, 2021)

Parameter Value
Normal stiffness component, K, (N/mm’) 1358
Tangential stiffness component, K, K, (N/mm®) 20358
Interface contact stress, 7,7, 7 (MPa) 5.63
Total displacement (mm) 0.241
Viscosity index 0.001
Friction coefficient 1.44

Experimental results indicate that the steel plate-
UHPC interface (S-U interface) experiences signifi-
cantly less stripping and slipping compared to the
concrete-UHPC interface (C-U interface) (Ma, 2021).
Consequently, we connect the steel plates to the UHPC
using the “tie” function. Moreover, the anchor screws
are embedded into the segment lining and the strength-
ening layer. The specimen is subjected to four-point
loading, with a uniform distance of 0.8 m between the
loading points, following the experimental setup in
(Ma, 2021).

3.4 Comparison between numerical and analytical
results

In Table 4, we present the analytical solutions
and numerical results for flexural capacity. The first
letter in the case number indicates the type of load,
where H and S signify hogging and sagging mo-
ments, respectively. The second number denotes the
thickness of the strengthening layer, in cm. The third
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Table 4 Comparison between numerical (FEM) results and
analytical solutions under hogging moments

Flexural capacity (kN-m)

Variable Case number FEM  Analytical .
. Deviation
result  solution
Steel plate H-0-0-NO 3383 3010  11.0%
thickness H-4-4-NO 4663  443.0 5.0%
H-4-6-NO  468.6 4485 43%
H-4-8-NO  476.7  452.5 5.1%
Strengthening  H-0-0-NO 3383  301.0  11.0%
layer H-4-6-NO  468.6  448.5 43%
thickness H-6-6-NO  501.3 4814 4.0%
H-8-6-NO  552.0  513.3 7.0%
Axial force H-0-0-NO 3383  301.0 11.0%
level of un-  11.0.0.N300 4019 4109 -2.3%
strengthened 1y o 0 N700 4489 4644 -3.5%
structure
H-0-0-N1100 527.6  515.1 2.4%
Axial force H-4-6-NO  468.6 4485 43%
level of H-4-6-N300 507.5  493.9 2.7%
strengthened 1y 4 6 N700 6068 554.1 8.7%
structure
H-4-6-N1100 7034 6285  10.7%
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number represents the thickness of the steel plate, in
millimeters. Moreover, the fourth number indicates the
level of axial force, in kN.

The deviation between values ranges from —-3.5%
to 11.0%, which signifies the reliability of the pro-
posed method. Fig. 8 shows a comparison between
the FEM results and analytical solutions to illustrate
the trends in flexural capacity.

As depicted in Fig. 8a, increasing the steel plate
thickness does not lead to a significant increase in the
calculated flexural capacity. For example, the flexural
capacity of case H-4-8 is 1.02 times that of case H-4-4
in both analytical solutions and FEM results. More-
over, Fig. 8b demonstrates that with a constant steel
plate thickness, increasing the thickness of the strength-
ening layer improves the flexural capacity. In the ana-
lytical solution, the flexural capacity of case H-8-6 is
1.14 times that of case H-4-6, while in the FEM re-
sults, it is 1.18 times greater.

From Figs. 8c and 8d, it is evident that an in-
crease in the axial force applied to both strengthened
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Fig. 8 Comparison of the analytical solutions and numerical results for: (a) steel plate thickness; (b) strengthening layer
thickness; (c) axial force level of the un-strengthened structure; (d) axial force level of the strengthened structure



and un-strengthened segment linings results in a signif-
icant rise in flexural capacity. For the un-strengthened
cross-section, the flexural capacity of case H-0-0-
N1100 exceeds that of case H-0-0-NO, by a factor of
1.56 in the FEM results and 1.71 in the analytical
solutions. Similarly, for the strengthened cross-section,
case H-4-6-N1100 exhibits higher flexural capacity
compared to case H-4-6-NO, improving by factors of
1.50 in the FEM results and 1.40 in the analytical
solutions. These comparisons demonstrate remarkable
consistency between the FEM results and the theoreti-
cal calculations.

Under sagging moments, the flexural capacity of
the numerical model is heavily influenced by interfa-
cial failure (Ma, 2021). We conducted a comparison
using the limited full-scale experimental data (Ma,
2021), with the results presented in Table 5. Increas-
ing the steel plate thickness by 2 mm leads to a flex-
ural capacity increase by a factor of 1.21 in experi-
mental results, and 1.27 in the analytical solutions.
Meanwhile, a 2 cm increase in UHPC thickness re-
sults in a bearing capacity increase of a factor of 1.13
in the experimental results, and 1.10 in the analytical
solutions. Thus, both calculation methods effectively
demonstrate the sensitivity of bearing performance to
steel plate thickness. Moreover, the deviation between
the calculations only ranges from -2.2% to 14.7%,
confirming the reliability of our approach.

Table 5 Comparison between full-scale experimental results
and analytical solutions under sagging moment

Case Flexural capacity (kN-m)

- ; — Deviation
number Full-scale experiment Analytical solution
S-0-0-NO 466.5 398.2 14.7%
S-4-4-NO 1204.4 1167.5 3.1%
S-4-6-NO 1453.9 1485.6 -2.2%
S-6-6-NO 1649.2 1626.8 1.4%

4 Validation with numerical and experimental
results

4.1 Finite element model
4.1.1 Sagging moment

Fig. 9 shows the N-M curves for both strength-
ened and un-strengthened segmental linings under sag-
ging moments. At zero axial force, the flexural capaci-
ties of the un-strengthened and strengthened segmental
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lining are 383.24 and 1485.60 kN-m, respectively. Ad-
ditionally, the N-M curves of both strengthened and
un-strengthened segmental lining display consistent
trends. During the tensile failure stage, i.e. large ec-
centric failure, the flexural capacity increases with in-
creasing axial force. Conversely, during the compres-
sive failure stage, i.e. small eccentric failure, the flex-
ural capacity decreases with an increase in axial force.
At the critical failure point, where compressive and
tensile failure intersect, both the strengthened and un-
strengthened structures exhibit their maximum flexur-
al capacities, measuring 1888.97 and 1050.83 kN-m,
respectively. Notably, large eccentric failure manifests
as ductile failure due to the tensile yielding of steel re-
bars, while small eccentric failure is dominated by
concrete crushing in the compression zone, which rep-
resents brittle failure. After strengthening, a reduction
in the axial force corresponding to critical failure is
observed, decreasing from 8600.00 to 5300.00 kN,
as depicted in Fig. 9. This reduction lowers the likeli-
hood of structural ductile failure. The enclosed area
of the N-M curve is used as the compressive perfor-
mance index, with a reference value of 1 for the un-
strengthened segmental lining. The performance index
of the strengthened cross-section is 2.04.
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Fig. 9 N-M curves for strengthened and un-strengthened
segment linings subjected to sagging moments

The increasing flexural capacity under sagging
moments is shown in Fig. 10. After strengthening, a
larger enhancement in flexural capacity is observed
during the tensile failure stage. When the axial force is
zero, the increase in flexural capacity reaches its maxi-
mum value of 1102.36 kN-m. Moreover, as the axial
force increases, the increase in the flexural capacity
gradually diminishes. Importantly, after reaching
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Fig. 10 Increased value of flexural capacity under sagging
moments

critical failure, the amplitude of the increase in flex-
ural capacity rapidly decreases. The reason for this
will be discussed in Section 4.2.1.

4.1.2 Hogging moment

Fig. 11 illustrates the N-M curves for strengthened
and un-strengthened segmental linings subjected to
hogging moments. When the axial force is zero, the
flexural capacities of un-strengthened and strength-
ened segmental lining are 383.24 and 432.10 kN'm,
respectively. Obviously, the improvement in flexural
capacity is limited. At critical failure, both the strength-
ened and un-strengthened cross-section exhibit maxi-
mum flexural capacities, measuring 2413.58 and
1050.83 kN-m, respectively. Furthermore, strengthen-
ing the structure results in a significant increase in the
axial force, corresponding to critical failure, as de-
picted in Fig. 11. This indicates a greater chance of
ductile failure. The comprehensive performance index
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Fig. 11 N-M curves for strengthened and un-strengthened
segment linings subjected to hogging moments

of the strengthened cross-section is 3.02. The com-
pressive strength of UHPC, which is fully exerted
under hogging moments, is superior to its tensile
strength. This contributes to the higher comprehensive
performance index.

We can observe the increased flexural capacity
under hogging moments in Fig. 12. Unlike sagging
moments, higher axial forces lead to greater increases
in flexural capacity. Specifically, when the axial force
is zero, the increase in flexural capacity is minimal,
being 48.46 kN-m. Prior to critical failure, the im-
provement in flexural capacity increases with the in-
crease in axial force. After critical failure, the rate of
increase in flexural capacity slows as axial force in-
creases, eventually displaying a gradual decrease. The
reason for this phenomenon will be discussed in Sec-
tion 4.2.2.
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Fig. 12 Increased value of flexural capacity under hogging
moments

4.2 Material stress responses
4.2.1 Sagging moment

The strength utilization percentage, defined as the
ratio between the stress and strength values of the bear-
ing materials, is introduced to characterize the strength-
ening effect. Tension is considered positive, while com-
pression is considered negative. Fig. 13 presents the
strength utilization percentage of each material under
sagging moments. During the large eccentric failure
stage, as the axial force increases, the material re-
sponse follows a sequence consisting of: compression
hardening of extrados concrete, compression yielding
of extrados steel rebars, then eventual collapse of ex-
trados concrete. At zero axial force, the strength utili-
zation percentage of the strengthening material is
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Fig. 13 Strength utilization percentage of each material
under sagging moments

100%, while that of the compressive concrete is
=74.77%. The strengthening material that is in the
tension zone governs the failure. The high material
strength utilization explains the favorable strengthen-
ing effect during the tensile failure stage.

In the small eccentric failure stage, as the axial
force increases, the material response follows a se-
quence of: the intrados steel bar no longer yielding
under tension, the steel plate no longer yielding under
tension, and then the UHPC no longer cracking. The
utilization of tensile strength for the strengthening ma-
terial gradually decreases, transitioning to a gradual
increase in compressive strength utilization. For the
case of full cross-section compression, both the steel
plate and UHPC exhibit low ultimate strength utiliza-
tions of —28.68% and —22.85%, respectively. As a re-
sult, the increase in ultimate axial force is limited.

4.2.2 Hogging moment

The strength utilization percentage of each mate-
rial under hogging moments is illustrated in Fig. 14.
During the large eccentric failure stage, as the axial
force increases, the material response follows a se-
quence of: compression yielding of the steel plate,
compression hardening of extrados concrete, and com-
pression hardening of UHPC. At zero axial force, the
strength utilizations of the steel plate and UHPC are
notably low at —25.55% and —10.19%, respectively.
This poor strengthening effect is attributed to the inad-
equate utilization of strengthening material in this sce-
nario. However, as the axial force gradually increases,
the strength utilization of the strengthening materials
in the compression zone improves. This observation
explains the sensitivity of the strengthening effect to
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Fig. 14 Strength utilization percentage of each material
under hogging moments

axial force. Additionally, the high compressive strength
of UHPC in the compression zone significantly en-
hances the corresponding axial force corresponding to
critical failure.

In the small eccentric failure stage, as the axial
force increases, the extrados steel bars transition from
no longer yielding under tension, to a compression
state. The utilization of tensile strength in the extrados
steel rebars gradually decreases, transitioning to a
gradual increase in compressive strength utilization.
Consequently, the rate of increase in flexural capacity
decreases. The final compressive strength utilization
of the extrados steel rebars is —=35.93%.

4.3 Parameter analysis
4.3.1 Sagging moment

Fig. 15 depicts the N-M curves for segmental
linings subjected to sagging moments, after being
strengthened with varying thicknesses of steel plates
and UHPC. In the large eccentric failure stage, in-
creasing the thickness of the steel plate significantly
enhances the flexural capacity compared to UHPC,
primarily due to the superior tensile strength of steel.
Specifically, when the axial force is zero, each 2 mm
increase in steel plate thickness leads to a decrease in
the increment of flexural capacity, from 304.58 to
248.97 kN-m. On the other hand, each 1 cm increase
in UHPC thickness results in an increase in the in-
crement of flexural capacity, ranging from 67.19 to
70.18 kKN-m.

The axial force at critical failure decreases signif-
icantly as the steel plate thickness increases, as shown
in Fig. 15a. For every 2 mm increase in steel plate
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Fig. 15 N-M curves for segment linings subjected to sagging

moments: (a) effect of steel plate thickness; (b) effect of
UHPC thickness

thickness, the reduction in axial force at critical fail-
ure goes from 913.11 to 1201.33 kN. This indicates
an increased risk of structural brittle failure. However,
increasing the UHPC thickness mitigates this effect;
with each 1 c¢cm increase in UHPC thickness, the re-
duction in axial force at critical failure decreases from
212.25 to 101.63 kN, as shown in Fig. 15b. As the
cross-section enters the small eccentric failure stage,
the ultimate axial force becomes more sensitive to
UHPC thickness.

Fig. 16 illustrates the rate of increase, as repre-
sented by the ratio between the comprehensive perfor-
mance index of the strengthened structure and the un-
strengthened structure. The ratio increases with the
thickness of the strengthening materials. Specifically,
with each 2 mm increment in steel plate thickness, the
increase in this ratio gradually decreases from 0.18 to
0.09. On the other hand, for each 1 cm increase in
UHPC thickness, the increase in the ratio rises from
0.15 to 0.17. Thus, increasing the thickness of UHPC
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Fig. 16 Increase ratio of performance index of segment

linings under sagging moments: (a) effect of steel plate
thickness; (b) effect of UHPC thickness

provides greater benefit compared to increasing the
steel plate thickness.

4.3.2 Hogging moment

We present N-M curves for segment linings
strengthened with different thicknesses of steel plates
and UHPC, under hogging moments, in Fig. 17. At
low axial forces, the strengthening effect is insignifi-
cant regardless of the strengthening conditions. For
example, when the axial force is zero, each 2 mm in-
crease in steel plate thickness reduces the increment
in flexural capacity from 5.44 to 1.43 kN-m. Con-
versely, with each 1 cm increase in UHPC thickness,
the increment in flexural capacity increases from 16.65
to 21.04 kN-m. As the axial force gradually increases,
the mechanical properties of the UHPC and steel
plates begin to be leveraged, leading to a significant
increase in flexural capacity. Increasing both the steel
plate thickness and UHPC thickness enhances the axial
force and flexural capacity at critical failure, as indi-
cated by the dotted arrow in Fig. 17. With each 2 mm
increase in steel plate thickness, the increment in axial
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Fig. 17 N-M curves for segment linings under hogging
moments: (a) effect of steel plate thickness; (b) effect of
UHPC thickness

force at critical failure decreases from 718.05 to
678.45 kN. Meanwhile, with each 1 c¢cm increase in
UHPC thickness, the increment in axial force at criti-
cal failure increases from 1651.40 to 1966.25 kN.
Therefore, the benefit of increasing UHPC thickness
is clear, as it significantly enhances the ultimate axial
force.

Fig. 18 displays the strengthening increase ratio,
i.e. the ratio between the performance index of the
strengthened segment lining and that of the un-
strengthened segment lining. As the thickness of the
UHPC or steel plate increases, the performance index
grows steadily. Specifically, with each 2 mm incre-
ment in steel plate thickness, the increase in the ratio
remains stable around 0.23 to 0.24. On the other hand,
for each 1 cm increase in UHPC thickness, the in-
crease in the performance index rises from 0.70 to
0.89. Notably, increasing UHPC thickness more effec-
tively enhances the performance index than increasing
the steel plate thickness. This can be attributed to the
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Fig. 18 Increase ratio of performance index of segment
linings under hogging moments: (a) effect of steel plate
thickness; (b) effect of UHPC thickness

full utilization of the strong compression performance
characteristics of UHPC when in the compression re-
gion. Moreover, the thickness of UHPC is increased
in centimeters, whereas the thickness of steel plate is
increased in millimeters.

5 Conclusions

We presented a novel method for calculating the
N-M curves of segmental linings strengthened by steel-
UHPC composites, which was validated through com-
parisons with numerical modeling and full-scale bend-
ing experiments. The strengthening effects under both
sagging and hogging moments were compared, and
parameter analysis was conducted to examine the im-
pact of different strengthening parameters.

The N-M curve calculation method was based on
the cross-sectional strain at all ultimate states. The
maximum calculation error between the analytical value
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and numerical value was less than 15%. Moreover,
the analytical results were consistent with the numeri-
cal results across various strengthening parameters.

The disparity in strengthening effects under sag-
ging and hogging moments primarily arose from the
varying axial force thresholds required for the strength
utilization of the steel-UHPC composite. Under sag-
ging moments, in the large eccentric failure stage, the
strengthening layer on the tensile side was fully uti-
lized, resulting in a significant strengthening effect. In
contrast under hogging moments, the strengthening ef-
fect requires a sufficient level of axial force to ensure
further utilization of strengthening material in the
compressive zone.

Changes in steel plate and UHPC thicknesses
cause different strengthening effects and axial force
values at critical failure. Under sagging moments, the
flexural capacity at the large eccentric failure stage
shows high sensitivity to steel plate thickness. How-
ever, this is accompanied by a significant decrease in
the axial force at critical failure, indicating increased
risk of brittle failure. Under hogging moments, in-
creasing the UHPC thickness proves to be more effec-
tive at enhancing flexural capacity. Importantly, the
axial force at critical failure also increases.

Steel plate and UHPC thicknesses also have dis-
tinct impacts on the comprehensive performance in-
dex. For every 2 mm increment in steel plate thick-
ness, the increase in the performance index decreases
from 0.18 to 0.09 under sagging moments, while it re-
mains between 0.23 and 0.24 under hogging mo-
ments. Additionally, a 1 cm increase in UHPC thick-
ness results in a performance index improvement in-
crease from 0.15 to 0.17 under sagging moments, and
from 0.70 to 0.89 under hogging moments. This dis-
crepancy arises from the exceptional compression
properties of UHPC, which can be further leveraged
in the compression zone.
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