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ABSTRACT

To meticulously dissect the cracking issue in the transverse diaphragm concrete, situated at the anchor point of a
colossal large-span, single cable plane cable-stayed bridge, this research paper adopts an innovative layered mod-
eling analysis methodology for numerical simulations. The approach is structured into three distinct layers, each
tailored to address specific aspects of the cracking phenomenon. The foundational first layer model operates
under the assumption of linear elasticity, adhering to the Saint Venant principle. It narrows its focus to the crucial
zone between the Bp20 transverse diaphragm and the central axis of pier 4’s support, encompassing the critically
cracked diaphragm beneath the N1 cable anchor. This layer provides a preliminary estimate of potential cracking
zones within the concrete, serving as a baseline for further analysis. The second layer model builds upon this
foundation by incorporating material plasticity into its considerations. It pinpoints its investigation to the
immediate vicinity of the cracked transverse diaphragm associated with the N1 cable, aiming to capture the intri-
cate material behavior under stress. This layer’s predictions of crack locations and patterns exhibit a remarkable
alignment with actual detection results, confirming its precision and reliability. The third and most intricate layer
delves deep into the heart of the matter, examining the cracked transverse diaphragm precisely where the cable
force attains its maximum intensity. By leveraging advanced extended finite element technology, this layer offers
an unprecedented level of detail in tracing the progression of concrete cracks. Its findings reveal a close correlation
between predicted and observed crack widths, validating the model’s proficiency in simulating real-world cracking
dynamics. Crucially, the boundary conditions for each layer are meticulously aligned with those of the overarch-
ing model, ensuring consistency and integrity throughout the analysis. These results not only enrich our under-
standing of the cracking mechanisms but also underscore the efficacy of reinforcing cracked concrete sections
with external steel plates. In conclusion, this study represents a significant contribution to the field of bridge engi-
neering, offering both theoretical insights and practical solutions for addressing similar challenges.
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1 Introduction

Long-span cable-stayed bridges are a prevalent bridge design due to their significant advantages,
including their ability to span vast distances, visually appealing appearance, and simple structural form
[1]. Not only can the vast distance span reduce the surrounding environment influence, but also the
bridge deck extremely enlarges the traffic space [2]. The elegant and modern aesthetic created by the
appealing appearance make these structures become some iconic landmarks in urban and natural settings
[3]. Furthermore, the simple structural form, characterized by the direct loading transferring from the
cables to the pylons, results in an efficient and effective utilization of engineering materials [4,5].
However, the anchorage zone of the cable-stayed cables experiences concentrated stress during extended
service periods, which is also coupled with the increasing weight of vehicular traffic. The combination of
multiple factors, along with the complex stress distribution from the concrete main beam, can lead to
diagonal cracks forming surrounding the manhole corners in the transverse diaphragm [6–10]. If adequate
measures are not promptly implemented, these cracks may further and widely aggravate, which
potentially compromises the structural integrity and bridge safety.

Research on the diaphragm cracking of large-span cable-stayed bridges remains relatively insufficient
[11–13]. At present, many scholars are exploring various reinforcement techniques for concrete and steel
diaphragms, which is aimed to improve the bridge bearing capacity and longevity [14–16]. Cui et al.
proposed an innovative steel shell-concrete composite structure tower in the bridge, which deployed
coarse aggregate reactive powder concrete, and applied it to the main girder of the bridge to enhance and
strengthen the structural load-bearing performance [17]. Qiang et al. employed shape memory alloy
(SMA) to mend welding fatigue cracks in steel diaphragms, it found that the fatigue notch factor was
reduced by 66.36% by bonding the Fe-SMA plate, and such a factor could be further reduced by about
14% after activating Fe-SMA [18]. Fang et al. examined the cracking behavior of mixed-mode steel
diaphragms in their study, revealing that drilling holes ahead of the crack tips could effectively alleviate
stress concentrations and prolong fatigue life [19].

In terms of numerical analysis, a simple finite element (FE) modelling of the collapsed Morandi Bridge
was carried out by Orgnoni et al. [20] to understand the stress state when the bridge was subjected to a
catastrophic sudden collapse. Furthermore, the Applied Element Method (AEM) has been applied to
model impact scenarios on bridge decks and the advanced discrete element approaches was able to deal
with both standard and non-standard loading scenarios [21].

However, the above-mentioned investigations hardly concentrate on the cracking analysis for concrete
diaphragms of long-span cable-stayed bridges. To some extent, it plays a significant role in the bridge health
monitoring, disaster reduction and prevention, and intelligent operation and maintenance [22–24].

Therefore, based on the practical engineering of a cable-stayed bridge, the following research works
have been conducted to better understanding of the cracking behavior of concrete in complex areas:
(1) the stress response of concrete diaphragms subjected to high cable tensions was comprehensively
studied; (2) a list of numerical simulations was conducted to investigate the crack propagation patterns
and damage mechanisms of concrete diaphragms; (3) a novel reinforcement method with using steel
plates was proposed as a structural remedial measure.

2 Project Overview

The principal bridge is a prestigious five-span continuous single-tower, single-cable-plane prestressed
concrete cable-stayed structure, boasting a total length of 510 m, comprising spans of (40 + 40 + 160 +
160) m. The primary tower features an innovative consolidation system that integrates the tower and pier,
with the main beam resting securely on the piers. The tower stands at a majestic height of 85 m, boasting
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a ratio of tower height to middle span of 0.38 and a height-to-span ratio of 1/38 for the main beam’s main
span. The tower column is a reinforced concrete structure designed to withstand eccentric compression
forces, and the main tower is adorned with 22 pairs of cable stays on each side, ensuring stability and
durability, shown as the Fig. 1.

The primary beam incorporates a substantial cantilever single-box, five-chamber section constructed
from prestressed concrete. It boasts a full width of 35.50 m, with a roof width measuring 35.26 m and a
bottom plate width spanning 20 m. The beam height at the central line of the box beam stands at 3.52 m.
The middle chamber’s top plate is crafted with a thickness of 55 cm, while the remaining chambers
feature a top plate thickness of 28 cm. The bottom plate thickness is uniform at 28 cm. The outer and
secondary middle webs are designed with a thickness of 30 cm, while the middle web thickness is 35 cm.
The spacing between these beams is precisely 4 m. Additionally, the beam thickness at the stay cable
anchorage is 40 cm, while sections without cables maintain a thickness of 30 cm.

According to the Key Bridge Monitoring Report from the 2018 National and Provincial Trunk Highway
Network Technical Condition Monitoring Project conducted by the Ministry of Transport of China, the most
significant issue affecting the bridge is the diagonal cracking in the transverse diaphragm of the main bridge’s
box girder [25–29]. These cracks are typically less than 0.2 mm wide and exhibit a characteristic inverted
shape, concentrated near the corner of the manhole in the secondary side box room [30–34], as depicted
in Fig. 2. During the monitoring period, the activity of these cracks was not significant, and the crack
depths generally exceeded the thickness of the protective layer surrounding the steel reinforcement
[35–38]. In addition, according to the needs of structure health monitoring (SHM), for concrete with
complex and concealed areas, stress analysis should be conducted, and sensing elements should be
installed at key locations for stress monitoring.

Figure 1: Bridge type layout

Figure 2: Typical cracks in transverse diaphragm
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3 Technical Standards and Design Specifications

3.1 Main Design Standards
The road classification is an expressway, designed for a speed of 100 km/h. It features a total of six lanes

in both directions. The bridge boasts a width of 35.5 m, comprising 0.75 m for the railing on each side, 3.5 m
for the left and right-side shoulders, three lanes of 3.75 m each, 0.75 m for the left and right-side curbs, and a
3 m central partition. The longitudinal slope is graded as 2% on the smaller mileage side and −1.48% on the
larger mileage side, with a slope change point at K3 + 030 (construction design pile number). The vertical
curve radius measures 11,000 m.

Regarding the horizontal slope of the bridge deck, it traverses a circular curve with a radius of 920 m and
a length of 38.903 m, followed by a moderate curve of 245 m, and concluding with a straight-line segment of
226.097 m. The design load adheres to Highway-Class I standards. The railway clearance underneath the
bridge ensures a minimum height of 9 m.

The design wind speed considers a 100-year return period, with an average annual maximumwind speed
of 28.6 m/s over a 10-min period. The seismic intensity is rated at VIII degree, with fortification according to
IX-degree standards. The design basic seismic acceleration value is set at 0.2 g. The bridge structure’s design
base period is 100 years.

3.2 Design Adoption Specification
The design and construction of the bridge adhere to a comprehensive set of Chinese codes and standards

to ensure its structural integrity and safety. These include the Highway Bridge Reinforcement Design Code
(JTG/T J22-2008), which outlines the principles for reinforcement design of highway bridges. The Concrete
Structure Reinforcement Design Code (GB 50367-2013) provides guidance for the reinforcement of concrete
structures. The Engineering Structure Reinforcement Material Safety Evaluation Technical Code (GB
50728-2011) ensures the safety of reinforcement materials used in engineering structures.

Additionally, the Concrete Structure After Anchoring Technical Code (JGJ145-2013) addresses
technical considerations for concrete structures after anchorage is applied. The General Code for Design
of Highway Bridges and Culverts (JTG D60-2004) serves as a general guideline for the design of
highway bridges and culverts, while the Code for Design of Highway Reinforced Concrete and
Prestressed Concrete Bridges and Culverts (JTG D62-2004) specifically addresses reinforced concrete and
prestressed concrete bridges and culverts.

Lastly, the Technical Code for Construction of Highway Bridges and Culverts (JTG/TF50-2011)
provides technical guidance for the construction of highway bridges and culverts, ensuring compliance
with the design requirements and standards. By adhering to these codes and standards, the bridge is
designed and constructed to meet the highest levels of safety and durability.

4 Calculation of Transverse Diaphragm Crack Width

4.1 Calculation Idea
In this paper, the Bd22 transverse diaphragm anchored by the N1 cable-stayed cable is identified as the

key research object due to its strategic location at the boundary between the cable-stayed zone and the cable-
free zone. This positioning is significant because the anchorage of the cable-stayed cable in close proximity
to the bridge tower subjects the transverse diaphragm to the most unfavorable vertical force component.
Therefore, analyzing the performance and behavior of this specific transverse diaphragm under such
loading conditions is crucial for ensuring the overall structural integrity and safety of the bridge.

To thoroughly investigate the potential cracking of the Bd22 transverse diaphragm anchored by the
N1 cable-stayed cable, including the location, shape, and geometry of any cracks, this paper employs a
multi-stage local modeling approach. This methodology involves progressively creating and analyzing
increasingly detailed local models of the structure. By gradually reducing the number of assumptions
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made in the modeling process, the study aims to achieve more realistic and accurate results. As depicted in
Table 1, this staged analysis allows for a step-by-step evaluation of the concerned issues, providing insights
into the structural behavior and potential cracking mechanisms.

Based on the findings from the global model, the analysis proceeds to the local modeling stage. The first-
level local model focuses on the region around the anchor point of the N1 cable-stayed cable, encompassing a
54.3 m beam segment. It is worth noting that the reason why the model analyzes the region in this way also
conforms to the Saint Venant principle. Initially, the material properties are assumed to be linear elastic.
However, once the calculations reveal that the main tensile stress in the concrete exceeds 3 MPa, a more
sophisticated material model is employed.

Specifically, a Concrete Damaged Plasticity (CDP) model is adopted in the second and third partial
models to analyze the crack behavior of the concrete at the position of the transverse diaphragm. This
model allows for the definition of separate tensile and compressive stress-strain curves, as shown in
Fig. 3. By accurately specifying these curves based on the calculated stress directions, the model can
provide insights into the general morphology of potential cracks.

Once the general fracture morphology is identified, the analysis is further refined using the Extended
Finite Element Method (XFEM). XFEM is a powerful technique for accurately simulating the geometric
characteristics of fractures, but it is also computationally intensive and requires careful preprocessing.

Table 1: Multiple local models deepening modeling process

Model
description

Global model The first level local model The second level local
model

The third level local
model

Calculation
assumption

Ignore lateral distribution √ (beam unit)

Linear elasticity √ √

Isotropic √ √ √

Small deformation √ √

Continuity √ √ √

Homogeneity √ √ √ √

(a) Compressive stress-strain curve      (b) Tensile stress-strain curve  
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Figure 3: Constitutive relation of C55 concrete plastic damage model
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Therefore, in this study, the XFEM is applied only in the third local model, which focuses specifically on the
location of the largest predicted crack. This targeted application of XFEM ensures that the most critical
fracture characteristics are captured with the highest possible accuracy.

In the primary level of the local model, concrete is assumed to be a linear elastic material, meaning it
does not exhibit failure under stress. However, upon reaching the yield strength, the stress continues to
increase following the initial stiffness, analogous to a ‘steel bridge’ with a reduced elastic modulus. This
approach fails to capture the actual mechanical behavior of concrete and, consequently, limits its ability
to accurately assess concrete’s yield state. Therefore, this model primarily serves as an indicator for
determining if concrete has reached its yield point, and the stress magnitude itself lacks significance in
this context.

The second local model for concrete is optimized as a plastic damage model that accounts for damage and
potential failure. Once the stress reaches the yield stress, the stress decreases as strain increases, resulting in
energy dissipation and redistribution of internal forces to the surrounding concrete. This behavior can mimic
the formation of cracks, but there are some limitations. While the cracking process is brittle in nature, the
damage failure modeled is ductile, meaning the elements remain continuous. Consequently, the model
does not accurately reflect the material’s fracture behavior, and the fracture geometry depicted in this
model may be inaccurate. It provides a good approximation for the general trend of cracking but does not
precisely capture the specific fracture patterns or discontinuities that occur in real-world concrete structures.

The third level local model employs the Extended Finite Element Method (XFEM) to simulate cracks in
concrete. Once the concrete stress exceeds the cracking toughness, fracture failure occurs, resulting in a
discontinuous material and brittle damage. After cracking, energy becomes concentrated at the crack tip
and is dissipated through further cracking. This model incorporates the pin effect of reinforcement on
cracks, which means that when the interface stress is below the bond stress, the reinforcement can hinder
crack propagation. Conversely, if the bond stress is exceeded, the bond between the reinforcement and
concrete is compromised, leading to slippage. Additionally, the XFEM approach allows cracks to develop
independently of the mesh grid, enabling a more realistic crack path and thus providing more accurate
calculations of crack geometry.

4.2 The First Level Local Model

4.2.1 Modeling and Meshing
The modeling scope of the first level local model spans from the transverse diaphragm of Bd20 to the

center line of pier No. 4, as depicted in Fig. 4. Given the numerous variable sections and guiding angles
within the model, the beam body, transverse diaphragm, and cable anchor block were modeled
independently for the sake of convenient mesh generation. These three components were then assembled
together, ensuring they are in contact with each other without any overlap or gaps.

Although tetrahedral elements offer automatic division, they are inherently constant strain elements, thus
resulting in lower calculation accuracy compared to hexahedral elements. To achieve more precise

Figure 4: Modeling range
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calculation outcomes, this model predominantly employs hexahedral meshes for the majority of regions,
while reserving tetrahedral meshes solely for complex, variable cross-section areas that are not locally
prioritized, as illustrated in Fig. 5. The basic unit size for division is approximately 30 cm in length. In
the long side direction of geometric dimensions, the unit size is between 50 to 100 cm, which can reduce
the number of units and facilitate structural calculations.

4.2.2 Boundary Conditions
The boundary conditions have a direct and significant impact on the effectiveness of the structure.

Ensuring accurate boundary condition definitions is crucial to maintaining consistency in the internal
forces and deformations between the local model and the overall model. Given that this local model is a
higher-order statically indeterminate structure with asymmetric elastic constraints at its boundaries,
directly defining these conditions can be challenging. Consequently, we employ the force method to
simplify the structure into a statically indeterminate system. This approach replaces the excessive
constraints with generalized forces, resulting in the basic structure depicted in Fig. 6. Upon comparing
the global model developed in Midas Civil with the local model created in ABAQUS, it is conclusively
demonstrated that the definition of boundary conditions in both instances is accurate, as shown in Fig. 7.

(a) Beam body mesh 

(b) Transverse diaphragm mesh

Figure 5: First level local model
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4.2.3 Load
Loads acting on the structure encompass various factors, including gravity, second-phase constant load,

prestress, vehicle live load, and temperature variations. These loads have a significant impact on the behavior
and performance of the structure, requiring careful consideration and analysis during the design and
analysis process.

For linear prestressed bars, the application of pressure to the loading block is utilized to simulate the
prestressing effect, as depicted in Fig. 8. However, for curve prestressed bars, a truss model is established
specifically to apply the prestress during the cooling process. This approach accounts for the unique
geometry and behavior of curved prestressed elements.

Figure 6: Boundary conditions

Figure 7: Comparison of internal force results between local model and global model

Figure 8: Prestressed load
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The beam section in question adopts a transverse cantilever design, fixed at its center, with four vehicles
arranged on the outer edges. The loading position of the Bd22 transverse partition in the longitudinal
direction is determined based on the influence line analysis, as illustrated in Figs. 9 and 10. This
approach ensures that the loading is applied at the most critical locations, taking into account the specific
structural configuration and loading conditions.

4.2.4 Calculation Results
As depicted in Figs. 11 and 12, the distribution of the primary tensile stress and compressive stress

within the transverse partition at the cable anchor is clearly illustrated. Specifically, the peak tensile stress,
recorded at 11.7 MPa, is concentrated in the ① region of the N1 cable anchor’s transverse diaphragm
Bd22. Conversely, the maximum compressive stress, amounting to 13.4 MPa, is significantly lower.
Fig. 13 provides a visual representation of the N1 transverse diaphragm, highlighting the location of these
stress concentrations.

4.3 The Second Level Local Model

4.3.1 Overview of the Model
The second-level local model focuses on the Bd22 transverse diaphragm as its center and encompasses a

7 m beam section, as shown in Fig. 14. In this model, the concrete material properties are specifically
optimized to incorporate the plastic damage (CDP) model, while the remaining aspects remain in
alignment with the first-level local model. The boundary conditions for this model are determined based

Figure 9: Determine the loading position according to the influence line

Figure 10: Vehicle loading
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on the calculations performed in the first-level local model, allowing for a reduction in computational cost
while ensuring accurate and reliable results.

4.3.2 Model Verification
Before performing the calculation, the material properties of the second-level local model are initially set

to be consistent with the first local model to verify the accuracy and correctness of the newly established local
model. By comparing the main tensile stress figures of the two transverse diaphragm in both models, as

Max 6.5MPa

Max 11.4MPa

Max 11.7MPa
N 2

N 3

N1

Bd22

Bd21

Bd20

Figure 11: Main tensile stress of the Bd22 transverse diaphragm

Min 8.2MPa

Min 11.8MPa

Min 13.4MPa

N1

N

321

N2

Figure 12: Main compressive stress of the Bd22 transverse diaphragm
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indicated in Fig. 15, it is determined that the error falls within an acceptable range. This comparison serves as
validation that the second-level local model is reliable and can provide accurate results.

Figure 13: Main tensile stress distribution of Bd22 transverse diaphragm
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4.3.3 Properties of Concrete Materials
The CDP model is an effective tool for simulating the stress-strain behavior of brittle materials, such as

concrete, under a wide range of loading conditions, including monotonic, reciprocating, and dynamic loads,
especially under moderate confining pressures. This model is a continuum damage calculation approach
based on plasticity theory.

Figure 14: The second level local model

Figure 15: (Continued)
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Within the CDP model, the tensile and compressive behavior of the material can be independently
defined and tailored to specific conditions. This flexibility allows for a more accurate representation of the
material’s response to different types of loads. Additionally, the model accounts for stiffness degradation
due to damage accumulation, as well as stiffness recovery under reciprocating loading conditions. These
features make the CDP model a valuable tool for analyzing the performance of concrete structures under
complex loading scenarios.

The CDP model encompasses several crucial plastic parameters such as the flow potential offset value,
expansion angle, the ratio of biaxial to uniaxial ultimate compressive strength, the second stress invariant
ratio on the meridional plane pertaining to tension and compression, and the viscosity coefficient. Within
this model, the flow motive force function is represented by a Drucker-Prager hyperbolic function, as
delineated in Eq. (1).

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fc � m � ft � tanwð Þ2 þ �q2

q
� �p � tanw� r (1)

where, the uniaxial compressive strength of concrete is fc, the uniaxial tensile strength of concrete is ft;

�p ¼ � 1
3 �r � I is the effective static pressure; Mises equivalent effective stress is �q, �q ¼

ffiffiffiffiffiffiffiffi
3
2
�S
2

q
; expansion

angle is w and flow potential offset value is m according to p-q plane values; the partial of the effective
stress tensor is �S, �S ¼ �P � I þ �r;

The irrelevant flow rule determines a loading surface, which represents the boundary between elastic and
plastic behavior in a material. In the context of a concrete damage model, the loading function is typically
used to characterize the conditions under which plastic deformation or damage occurs in the concrete. The
specific loading function employed in the model may vary, but it generally depends on the stress state and
material properties.

Figure 15: Comparison of the main tensile stress graph
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F ¼ 1

1� a
�q� 3a�pþ h ~epl

� �h�rmaxi � hc� �rmaxi
� � � �rc ~ecpl

� �
(2)

where, a is determined by the ratio of biaxial and uniaxial ultimate compressive strength; �rmax is the largest

eigenvalue of �r; The function hi is defined as hxi ¼ 1

2
xj j þ xð Þ; The expression of h ~epl

� �
is shown in Eq. (3)

as:

h ~epl
� � ¼ �rc ~ecpl

� �
�rt ~etpl
� � 1� að Þ � 1þ að Þ (3)

where, �rt represents effective tensile stress, �rc represents effective compressive stress. c represents the ratio
of the second stress invariant of the meridian plane of tensile and the second stress invariant of the meridian
plane of compression, and its value is selected according to the concrete triaxial compression experiment,

c ¼ 3 1� qð Þ
2qþ 3

, and the coefficient r ¼ ffiffiffiffi
J2

p� �
TM=

ffiffiffiffi
J2

p� �
CM , according to the definition of the state quantity

�p, J2 represents the second stress deflection, and TM represents the tensile yield line (r1 > r2 ¼ r3). CM
represents the compression yield line (r1 ¼ r2 > r3).

The damage factor serves as an indicator of the nonlinear material properties exhibited by concrete.
Given the significant disparity between the tensile and compressive characteristics of concrete, the
damage factor d can be further categorized into a compressive damage factor dc and a tensile damage
factor dt. The fundamental premise of the CDP model is that the strain experienced by concrete under
tension or compression comprises both isotropic elastic strain (3elt ; 3

el
c ) and isotropic plastic strain

(~3plt ; ~3
pl
c ). In contrast to elastic materials, this strain can be viewed analogously to the elastic strain

(3el0t ; 3
el
0c) of an elastic material, coupled with inelastic strain (~3ckt ; ~3inc )—in the case of tension, specifically,

cracking strain. Fig. 16 provides a detailed illustration of these concepts.

The calculation methods of various strain intervals of tension concrete are as follows:

The calculation methods for various strain intervals in tension concrete are outlined as follows:

rt ¼ 1� dtE0 et � ~eplt
� �

(4)

Figure 16: Stress-strain development curve of the CDP model
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rt ¼ E0 et � ~eckt
� �

(5)

The damage factor dt can be obtained by the following equation:

dt ¼ 1� rtE0
�1

rtE0
�1 þ ~eckt 1� 1=btð Þ (6)

where, bt ¼ ~eplt =~eckt .

Similarly, for the compressed concrete, the damage factor calculation formula is as follows:

dc ¼ 1� rcE0
�1

rcE0
�1 þ ~einc 1� 1=bcð Þ (7)

where, bc ¼ ~eplc =~e
in
c .

In the computation of the damage factor, the elastic modulus utilized corresponds to the cutting line
modulus associated with tensile cracking. In accordance with the findings of the Birtel test, bt ¼ 0:1, it is
presumed that the concrete’s tensile rising section is devoid of damage and plastic deformation.
Additionally, during the initial stages of concrete compression, it is considered to exhibit purely elastic
deformation, with no damage incurred. The simplified stress-strain relationship during this phase is
outlined as follows:

rt ¼
E0e e � et;r

qtEce

at e=et;r � 1
� �1:7 þ e=et;r

e > et;r

8<
: (8)

rc ¼

E0e e � e0
qcnEce

n� 1þ e=ec;r
� �n e0 < e � ec;r

qcEce

ac e=ec;r � 1
� �2 þ e=ec;r

e > ec;r

8>>>>>><
>>>>>>:

(9)

where, qt ¼ ft;r
Ecet;r

, qc ¼ fc;r
Ecec;r

, n ¼ Ecec;r
Ecec;r�fc;r

, Ec is concrete elastic modulus, e is concrete strain, ft;r; fc;r are the

concrete uniaxial tensile and compressive strength representative value, et;r, ec;r are the peak tensile and
compression strain corresponding to the uniaxial tensile and compressive strength representative concrete,
respectively, e0 is the tensile cracking elastic modulus to simulate the linear concrete compression early
corresponding critical strain, at, ac are the uniaxial tensile stress-strain relationship drop parameter value
and compressive stress-strain relationship drop parameter value of concrete.

The aforementioned method relies on the fundamental assumption of strain equivalence, which posits
that the strain experienced by a damaged unit under the application of stress is identical to the strain
response exhibited by an undamaged unit under the influence of effective stress �r. In the context of
external force application, the constitutive relationship of the damaged material can be modeled using the
constitutive behavior of the undamaged material, with the sole modification being the substitution of the
stress with effective stress. Additionally, there exists the energy equivalence hypothesis, which states that
the elastic energy of damaged material, when compared to the undamaged state, can be equivalent if the
stress is replaced with an equal-effect force or the elastic modulus is substituted with an equivalent
elastic modulus.
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Elastic residual energy of undamaged material:

We
0 ¼ r2

2E0
(10)

Elastic residual energy of damaged material:

We
d ¼ r2

2Ed
¼ �r2

2E0
(11)

The effective stress is:

�r ¼ r
1� d

(12)

From the above conditions:

d ¼ 1�
ffiffiffiffiffiffiffi
r
E0e

r
(13)

Fig. 17 presents a comparative analysis of the tensile and compression damage factors for C40 concrete,
derived separately using strain equivalence and energy equivalence principles. The results indicate that
damage factors calculated based on the energy equivalence method yield lower values compared to those
obtained through strain equivalence. Furthermore, the disparity between the tensile damage factors is
more significant than that observed in the compressive damage factors. This suggests that the energy
equivalence approach may provide a more conservative estimate of damage, particularly in tensile
conditions, while still maintaining a relatively close approximation for compressive damage.

Under the application of unidirectional axial force, concrete exhibits a unique unilateral stiffness
recovery phenomenon. Specifically, when the external force is removed from tension and the load is
reversed to compression, the tensile cracks tend to close, allowing for a partial restoration of compressive
stiffness. Conversely, when the external force transitions from compression to tension, the cracks formed
during compression remain open, rendering the tensile stiffness recovery largely ineffective.

In the ABAQUS concrete damage plasticity model, this behavior is accounted for by assigning separate
recovery factors for the tensile and compressive directions. Under tensile and compressive cyclic loading, the

(a) Tensile damage factor (b) Compression damage factor 
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Figure 17: Comparison of damage factors under different hypothesis conditions
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tensile direction is associated with a tensile recovery factor vt ¼ 0, while the compressive direction
corresponds to a compressive recovery factor vc ¼ 1.

4.3.4 Calculation Results
After thorough refinement, the outcomes of the analysis for the transverse partition and the beam body

are presented in Figs. 18 and 19. Through the assessment of the yield strain, we can observe the crack
morphology in the transverse partition. However, it is noteworthy that the concrete within the beam body
remains uncracked. Furthermore, the maximum compressive stress has undergone a significant increase,
reaching 28.9 MPa (as opposed to the 13.4 MPa recorded under the linear elastic model).

Figure 18: Strain and stress of transverse diaphragm
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4.4 The Third Level Local Model

4.4.1 Overview of the Model
After determining the cracking location and general shape of the crack, this paper continues to explore

the geometric characteristics of the crack to verify the safety of the structure.

The finite element method divides the structure into a finite number of elements with small volume and
clear boundary, and the deformation can be transferred between the elements with stiffness according to the
established shape function, and the internal force can be obtained by multiplying the deformation and

Figure 19: Strain and stress of beam body
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stiffness. The finite element calculation is convenient and fast, but it over-relies on the grid. When simulating
cracking, the crack can only be developed along the grid line, rather than through the inside of the unit. And
the connection between the elements cannot be broken, that is, the element is always continuous, which
limits the scope of application of finite element, so researchers developed infinite elements, which makes
the structure get rid of the bondage of the grid, any node can have a relationship with each other, can
simulate discontinuous and uneven materials, but the shape function of infinite elements is very difficult
to define, and the calculation cost is large. Therefore, some researchers have developed the extended
finite element method, which inherits the advantages of convenient and fast finite element calculation. At
the same time, by supplementing the shape function with discontinuity, the model gets rid of the shackles
of the grid, and the element is no longer continuous under certain conditions, which can better simulate
the problem of fracture failure, as shown in Fig. 20.

Compared with the finite element method, the pre-processing and calculation of the extended finite
element method are much more difficult. The maximum crack width is concerned in this paper, so only the
most serious crack part is taken as the local model based on the previous calculation results. After cracking,
the pin effect of the rebar cannot be ignored, but it also greatly increases the difficulty of convergence. In
order to speed up the calculation, two rows of rebar etc., are replaced into one row, and a transition unit is
established between the rebar and concrete to simulate the bond slip of the two, as shown in Fig. 21.

Figure 20: Finite, infinite and extended finite elements

Figure 21: The third level local model
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The treatment method of the third local model is the same as the second one, so the model validation is
not carried out.

4.4.2 Calculation Results
The calculation results of the third local model are shown in Figs. 22 and 23. From Fig. 22, the fracture

surface can be seen significantly. Meanwhile, Fig. 23 reflects the development of the maximum crack width
with the loading, and the maximum crack width is 0.19 mm, which meets the specification requirements.

Figure 22: Cracks indicate the distance function value (PHISM)

Figure 23: Crack width development (unit in mm)
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5 Reinforcement Design

5.1 Reinforcement Measures
The treatment of transverse partition cracks involves sealing the cracks through grouting, followed by

reinforcement using strip-shaped steel plates. Each steel plate is 5 mm thick, 100 mm wide, and spaced
50 mm apart. The steel plates are oriented along the direction of the primary tensile stress, which is
perpendicular to the crack’s direction. Given the inverted splayed distribution of cracks in the cable area’s
partition plate, the steel plates are arranged accordingly in an inverted splayed configuration. To ensure
full stress distribution, anchor steel plates are attached at both ends of the steel plates and around the
manhole, as illustrated in Fig. 24.

5.2 Verification of the Reinforcement Effect
Firstly, the unreinforced box girder is analyzed to determine the stress distribution. As illustrated in

Fig. 25, the main tensile stress in the Bd22 transverse diaphragm exhibits a shape resembling an inverted
eight. The angle between this stress direction and the horizontal line is found to be between 38° and 42°.

When planning the reinforcement using steel plates, it is important to consider the practical aspects of
installation and ensure that the steel plates align effectively with the stress distribution. One such
consideration is the chamfering corner of the human hole, which could pose challenges for attaching the
steel plates.

To facilitate the attachment of steel plates at the chamfering corner of the human hole, the direction of the
steel plates is set to 45°, as shown in Fig. 26 (assuming this is a reference to a figure or diagram that depicts
the steel plate layout). This angle is chosen as a compromise between aligning with the main tensile stress
direction (between 38° and 42°) and ensuring ease of installation around the human hole.

Figure 24: Steel plate pasted on the transverse diaphragm in the cable area

Figure 25: Direction of the main tensile stress
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The steel plates are typically in strip shape, with each plate having a specified thickness, width, and
spacing. The plates are attached to the box girder using suitable anchors or fasteners to ensure they are
securely fastened and can effectively transfer loads and stresses.

By aligning the steel plates at 45°, the reinforcement system is able to provide maximum reinforcement
in the direction of the main tensile stress, while also accounting for the practical constraints posed by the
chamfering corner of the human hole. This approach helps restore the structural integrity of the box
girder, prevents further crack development, and extends its service life.

Regarding the box girder model reinforced with steel plates, the plates possess a width of 100 mm, a net
spacing of 50 mm, and thicknesses varying between 5 and 8 mm. The diagram below depicts the diaphragm
representing the primary tensile stress zones in the reinforced concrete as well as the primary tensile stress
regions in the steel plates. The specific stress values are outlined in Figs. 26 and 27 and Table 2.

Based on the analysis of the results, it is evident that after affixing the steel plate, the main tensile stress
of the concrete has decreased from 6.405 to 0.493 MPa. By increasing the steel plate thickness to 8 mm, the
main tensile stress further reduces from 6.405 to 0.481 MPa, resulting in an average stress reduction of
approximately 92%. Furthermore, the steel plates bear the main tensile stresses of concrete after
unloading, which are 4.121 and 3.922 MPa, respectively. The thickness of the steel plate has a relatively
limited impact on the reduction of concrete stress. Taking into account various construction
considerations, a 5 mm steel plate is deemed suitable for pasting and reinforcement purposes.

Figure 26: Structural stress after 5 mm thick steel plate reinforcement
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6 Conclusions

This paper delves into the stress response of concrete diaphragms in cable-stayed bridges when
subjected to significant cable tensions. Through a series of numerical simulations, the patterns of crack
propagation were examined and subsequently proposed a reinforcement technique involving the
application of steel plates. The key findings are summarized as follows:

1. In response to the intricate challenges of finite element numerical analysis and calculation for
complex structures, a layered modeling numerical analysis method has been introduced. This
method effectively narrows down the scope of the calculation model and minimizes the number
of assumptions, thereby enabling efficient and accurate simulation of concrete cracking in regions

Table 2: Stress conditions of different reinforcement schemes

Case situation Main tensile stress of (MPa)

Concrete Steel plate

Before reinforcement 6.405 / /

Steel plate 5 mm 6.012 0.493 4.121

strengthening 8 mm 6.000 0.481 3.922

Figure 27: Structural stress after 8 mm thick steel plate reinforcement
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of complex stress. The application of this method revealed that the maximum tensile stress in the
transverse diaphragm beneath the N1 inclined cable reaches 11.7 MPa, suggesting that the
concrete in that area is indeed experiencing cracking.

2. By selecting a local elastic analysis model established within a 54.3-m radius centered on the position
of the transverse diaphragm experiencing maximum cable force, the cracking area of structural
components can be initially identified. Additionally, by utilizing a local plasticity analysis model
within a 7-m radius of the cracked transverse diaphragm, the predicted crack positions and
distribution patterns align well with actual observation results. Utilizing the established extended
finite element analysis model, the progression of cracks can be accurately deduced, resulting in a
calculated crack width that closely matches the measured value.

3. The cracked transverse diaphragm has been reinforced through the application of steel plates. With a
5 mm-thick steel plate, the main tensile stress of the concrete has decreased from 6.405 to 0.493MPa.
By increasing the steel plate thickness to 8 mm, the main tensile stress further reduces from 6.405 to
0.487 MPa, resulting in an average stress reduction of approximately 92%. This significant decrease
demonstrates a notable reinforcement effect.

The limitation of this study lies in the insufficiency of theoretical analysis to support the anti-crack
checking and reinforcement design method, which impedes its further development for engineering
applications. A more thorough theoretical framework would enhance the understanding of crack
formation mechanisms and provide a stronger scientific basis for the proposed reinforcement techniques.
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