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Abstract: The steel–concrete composite structure is widely used in civil engineering for large-span
bridges. Orthotropic steel bridge decks (OSDs) have particularly gained popularity due to their
excellent mechanical performance. To address cracking issues in OSDs and concrete in negative
moment regions, a novel bi-directional U-ribbed stiffening plate (BUSP)–concrete composite bridge
deck is proposed. By using finite element analysis, the mechanical performance is evaluated based
on maximum tensile stress and vertical displacement of concrete overlays. Results show that the
BUSP–concrete deck outperformed conventional flat decks. It is also found that increasing the
height, thickness, and opening width of U-ribs reduced tensile stress and maximum displacement.
Adjusting height had the most significant effect on displacement while opening width affected tensile
stress the most. Considering material usage, optimizing height is proved to be more effective than
adjusting thickness and opening width. Decreasing spacing parameters improved performance but
added complexity and reduced construction convenience. These findings will guide the design and
optimization of steel–concrete composite bridge deck structures.

Keywords: steel–concrete composite bridge deck; the bi-directional U-ribbed stiffening plate (BUSP);
structure optimization and design; parametric analysis; finite element analysis

1. Introduction

The steel–concrete composite bridge deck system fully utilizes the tensile strength
of steel and the compressive strength of concrete [1,2]. It has been widely adopted in the
design and construction of various large-span bridges due to its high structural stiffness,
lightweight properties, and reduced deflection [3–6]. Over the past several decades, re-
searchers have conducted theoretical and experimental studies [7–10] to verify the excellent
performance of the steel–concrete composite bridge deck system during the service life
of bridge structures. Among various types of steel–concrete composite bridge deck sys-
tems, the orthotropic steel deck (OSD)–concrete structure has been extensively utilized in
medium and large-span bridges due to its advantages such as lightweight design, high
load-carrying capacity, and fast construction speed [11].

As a part of the bridge deck system, the factory precast OSD also serves as formwork
during the pouring of the concrete structure, reducing the need for wet joints in the
concrete structure and greatly enhancing construction efficiency and convenience [2]. To
achieve its wider application in steel–concrete composite bridge decks, researchers have
conducted a series of studies. For example, Sun et al. [12] achieved a lightweight design
of OSD through a multi-objective optimization method. However, the U-ribs stiffeners
of the OSD are connected to the panels through welding, resulting in a sudden change
in stiffness at the weld joint [13,14]. Consequently, significant stress amplitudes occur at
the weld joint, making it susceptible to fatigue cracking under repeated vehicular loading.
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To assess the fatigue strength of welds in OSD, Masafumi et al. [15] proposed a novel
method for evaluating the root stress of welds. Existing studies have shown that the fatigue
performance issues at the welds of OSD greatly affect the service life of bridges and have
been a major concern in the implementation of OSD in bridges [13,16–21].

Presently, two methods have been proposed to improve the fatigue performance of the
deck-to-rib welded joint in OSD. Firstly, it is reported to enhance the strength of the weld
by employing techniques such as double-sided welding [22,23] and deep-penetration weld-
ing [24], which, however, impose higher demands on welding technology [25]. Secondly,
increasing the thickness (or rigidity) of the bridge deck panel can significantly reduce stress
amplitudes in the bridge deck structure, which can be achieved by using rigid cement-based
materials [26–28] or ultra-high-performance concrete (UHPC) [11]. Meanwhile, Alireza [29]
investigated the feasibility of using UHPC in bridge deck areas through experimental and
numerical simulation methods. However, implementing such solutions not only increases
the cost of bridge construction but also fails to address the issue of geometric discontinuity
at the weld joint between the deck and the U-ribs of OSD [25].

In recent years, a corrugated steel–concrete composite bridge deck (CSCCBD) system
comprising concrete, corrugated steel plates, and perforated plate shear connectors has
been implemented in bridge constructions [30]. This bridge deck system replaces U-ribs
with continuous corrugated steel, eliminates the decks of OSD, and replaces them with
cast-in-place concrete panels. This effectively resolves issues arising from abrupt stiffness
variations at the weld joint between the OSD panel and U-ribs. Extensive research has
been conducted to investigate various aspects of the performance of the CSCCBD system to
promote its application in bridge structures. Kim et al. [30] conducted pull-out experiments
to validate the significant role of shear connectors in CSCCBD. Jeong et al. [31] investigated
the ultimate bearing capacity of CSCCBD and proposed a simplified calculation formula
for predicting it. Kong et al. [1] studied the influence of variation in shear connectors on
the slip performance of CSCCBD. However, most existing research has primarily focused
on the impact of variations in the internal structure of CSCCBD, such as different sizes
or structural configurations of shear connectors. In fact, like OSD [32–34], the size of
corrugated plates (height, thickness, opening width, etc.) also influences the mechanical
performance of CSCCBD, posing an intriguing question worthy of exploration.

This study presents a novel bi-directional U-ribbed stiffening plate (BUSP)–concrete
composite bridge deck system, which combines the advantages of continuous placement
of U-ribs as in CSCCBD with the avoidance of welded connections between U-ribs and
steel plates, thereby enhancing the lateral stiffness of the bridge deck system, exhibiting
superior resistance to eccentric bridge deck loading. Moreover, to address the difficulties in
positioning and installing rebars within the PBL shear connector groups (a commonly used
type of shear connector in CSCCBD) [1], improvements have been made to the conventional
PBL shear connectors in the innovative BUSP–concrete composite bridge deck system. The
openings of the new type of PBL shear connectors extend to the bottom of the BUSP, and
after concrete pouring, these openings are filled. This approach effectively enhances the
longitudinal shear resistance between the concrete and steel structures.

In this paper, a parameterized modeling script for ABAQUS was developed based
on Python. The script considers five size parameters, including the height, thickness, and
opening width of a single U-rib in BUSP, as well as the transverse and longitudinal spacing
between U-ribs. Based on an actual bridge in Guizhou Province, China, a structural finite
element model of the BUSP–concrete composite bridge deck was established. The study
aims to comprehensively investigate the influence of size parameter variations on the
mechanical performance of BUSP–concrete composite bridge deck structures. Furthermore,
the combined variations of multiple size parameters will be compared to assess the extent
of their impact on structural performance. The research findings of this study will provide
valuable insights into the design and application of novel BUSP–concrete composite bridge
deck structures.
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2. Research Background

The bridge under study is in Guizhou Province, China, and spans a total length of
381.5 m. It has a main span measuring 280 m and a deck width of 38.9 m. The upper
portion of the main bridge is composed of a steel-reinforced concrete truss arch section
with a clear span of 260 m, as depicted in Figure 1. The bridge deck is constructed using a
composite beam structure comprised of steel crossbeams and concrete overlays. The plan
view of the crossbeams is depicted in Figure 2.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 25 
 

provide valuable insights into the design and application of novel BUSP–concrete compo-

site bridge deck structures. 

2. Research Background 

The bridge under study is in Guizhou Province, China, and spans a total length of 

381.5 m. It has a main span measuring 280 m and a deck width of 38.9 m. The upper por-

tion of the main bridge is composed of a steel-reinforced concrete truss arch section with 

a clear span of 260 m, as depicted in Figure 1. The bridge deck is constructed using a 

composite beam structure comprised of steel crossbeams and concrete overlays. The plan 

view of the crossbeams is depicted in Figure 2. 

 

Figure 1. Bridge Elevation Drawing. 

 

Figure 2. Plan View of Transverse and Longitudinal Beams. 

3. Structural Design and Optimization 

3.1. Optimization of Element Partitioning 

The planned construction approach for the concrete structure of the bridge in this 

study involves factory prefabrication. However, this method requires favorable transpor-

tation conditions and sufficient space for material storage. Additionally, the prefabricated 

elements necessitate a prolonged curing process, leading to increased construction dura-

tion and cost. To address these challenges, this paper proposes the incorporation of steel 

panels into the bridge deck. These panels serve a dual purpose: acting as permanent struc-

tural elements of the bridge deck and serving as formwork during the cast-in-place con-

struction of the concrete structure. 

Furthermore, the addition of steel panels increases the steel consumption in the 

bridge deck system. To maintain the overall steel quantity, an optimization of the cross-

beam system is proposed. To achieve an optimized calculation of the overall structure, the 

Figure 1. Bridge Elevation Drawing.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 25 
 

provide valuable insights into the design and application of novel BUSP–concrete compo-

site bridge deck structures. 

2. Research Background 

The bridge under study is in Guizhou Province, China, and spans a total length of 

381.5 m. It has a main span measuring 280 m and a deck width of 38.9 m. The upper por-

tion of the main bridge is composed of a steel-reinforced concrete truss arch section with 

a clear span of 260 m, as depicted in Figure 1. The bridge deck is constructed using a 

composite beam structure comprised of steel crossbeams and concrete overlays. The plan 

view of the crossbeams is depicted in Figure 2. 

 

Figure 1. Bridge Elevation Drawing. 

 

Figure 2. Plan View of Transverse and Longitudinal Beams. 

3. Structural Design and Optimization 

3.1. Optimization of Element Partitioning 

The planned construction approach for the concrete structure of the bridge in this 

study involves factory prefabrication. However, this method requires favorable transpor-

tation conditions and sufficient space for material storage. Additionally, the prefabricated 

elements necessitate a prolonged curing process, leading to increased construction dura-

tion and cost. To address these challenges, this paper proposes the incorporation of steel 

panels into the bridge deck. These panels serve a dual purpose: acting as permanent struc-

tural elements of the bridge deck and serving as formwork during the cast-in-place con-

struction of the concrete structure. 

Furthermore, the addition of steel panels increases the steel consumption in the 

bridge deck system. To maintain the overall steel quantity, an optimization of the cross-

beam system is proposed. To achieve an optimized calculation of the overall structure, the 

Figure 2. Plan View of Transverse and Longitudinal Beams.

3. Structural Design and Optimization
3.1. Optimization of Element Partitioning

The planned construction approach for the concrete structure of the bridge in this
study involves factory prefabrication. However, this method requires favorable transporta-
tion conditions and sufficient space for material storage. Additionally, the prefabricated
elements necessitate a prolonged curing process, leading to increased construction duration
and cost. To address these challenges, this paper proposes the incorporation of steel panels
into the bridge deck. These panels serve a dual purpose: acting as permanent structural
elements of the bridge deck and serving as formwork during the cast-in-place construction
of the concrete structure.

Furthermore, the addition of steel panels increases the steel consumption in the bridge
deck system. To maintain the overall steel quantity, an optimization of the crossbeam
system is proposed. To achieve an optimized calculation of the overall structure, the bridge
deck system is divided into elemental units. The segmented local units are then treated as
the design objects instead of considering the entire bridge.

A finite element (FE) model is established using the crossbeams of the bridge deck
system and the concrete overlays. The model incorporates symmetry simplifications. For
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the transverse direction, the FE model represents half of the total transverse span of the
bridge, while for the longitudinal direction, it corresponds to the length between the
transverse beams of the three suspension rods, as shown in Figure 3.
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3.2. Design and Optimization of Structures

Three-dimensional models of the structure are established; the original scheme is
depicted in Figure 4. The improved configuration, when compared to the original scheme,
introduces several changes. First, it eliminates the secondary crossbeams between the
suspender crossbeams. Second, a layer of 10 mm-thick ordinary steel plate is added on top
of the crossbeams. This steel plate serves multiple purposes—it acts as a protective layer
and provides additional strength to the bridge deck.
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Figure 4. The schematic diagram of the three-dimensional model of the original scheme.

To ensure proper connection between the concrete and steel structures, improved
PBL shear connectors are employed at the top of the steel plate. These connectors not
only enhance the anti-slip capability but also replace the longitudinal steel bars used
in the original scheme. This replacement partially compensates for the increased steel
consumption resulting from the addition of the ordinary steel plate.
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Figure 5 illustrates the improved configuration, showcasing the absence of secondary
crossbeams and the inclusion of the steel plate. On the other hand, Figure 6 depicts the
design of the improved PBL shear connectors.
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To analyze the structural response of the two configurations, FE models were created
using the 2020 ABAQUS software. The steel bars were represented using one-dimensional
truss elements (Truss), while solid elements (C3D8R) were utilized for the remaining parts
of the model. The details of the model establishment are shown in Table 1.

Table 1. The details of model establishment.

Materials Structures
Young’s

Modulus
(GPa)

Poisson’s
Ratio

Type of
Meshes

Size of
Meshes

(mm)

Concrete Concrete
overlay 34.5 0.2 C3D8R 150

Steel

Rebar 206 0.3 Truss 150
PBL shear
connectors 206 0.3 C3D8R 150

Stiffening rib 206 0.3 C3D8R 150
Steel beam 206 0.3 C3D8R 150

Hinge boundary conditions were applied to one end of the suspender crossbeams,
while symmetric boundary conditions were applied to the other end. This setup allows
for appropriate modeling of the structural behavior. In terms of loading, the concrete slab
was subjected to a design load that is 1.2 times the load of a class-I highway vehicle. This
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loading condition allows for a realistic simulation of the expected forces on the bridge.
Table 2 presents the results obtained from the analysis, including the maximum tensile
stress and vertical displacement of the concrete overlays, as well as the maximum stress
and vertical displacement of the steel structures.

Table 2. Comparison between the original scheme and the improved scheme.

Scheme

Stress (MPa) Displacement (mm) Material
Consumption

Concrete Steel Concrete Steel Concrete
(m3) Steel (t)

Original Scheme 1.28 63.81 4.95 7.01 92.96 161.50
Optimization

Scheme 0.91 56.77 4.15 6.45 74.37 162.81

Amplitude of
Variation (%) −28.91 −11.03 −16.16 −7.99 −20.00 0.81

According to Table 2, it can be observed that the improved design scheme effectively
reduces the stress and displacement amplitudes of the structure without a significant
increase in steel consumption, with a concrete saving of up to 20%. Furthermore, by
altering the construction method of the concrete structure, it will effectively decrease
construction costs and alleviate construction difficulty.

3.3. BUSP Design

In continuation of the improved structural configuration, this study introduces further
optimization by proposing a novel bi-directional U-ribbed stiffening plate (BUSP) for the
top of the crossbeam system. The BUSP is designed to enhance the structural performance
of the bridge deck. The modeling is done in the same way as other steel components, such
as steel beams. To complement the implementation of the BUSP, adjustments are made to
the PBL shear connectors. These modifications are aimed at ensuring proper integration
and compatibility between the BUSP and the PBL shear connectors.

Figure 7 provides an illustration of the proposed BUSP, and Figure 8 provides the ad-
justed PBL shear connectors, showcasing their design and arrangement. Table 3 presents a
comparison between the computational results of the BUSP scheme and the original scheme.
This comparison aims to evaluate the performance and effectiveness of the proposed BUSP
configuration in contrast to the original configuration.
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Figure 8. The schematic diagram of the improved PBL shear connectors in the optimized configura-
tion for the BUSP scheme.

Table 3. A comparative analysis between the original scheme and the BUSP scheme.

Scheme

Stress (MPa) Displacement (mm) Material
Consumption

Concrete Steel Concrete Steel Concrete
(m3) Steel (t)

Original Scheme 1.28 63.81 4.95 7.01 92.96 161.50
BUSP Solution 0.90 56.88 3.87 6.29 75.16 163.51
Amplitude of
Variation (%) −29.69 −10.86 −21.82 −10.27 −19.15 1.24

Based on the information provided in Table 3, it is evident that the adoption of the
BUSP solution yields significant improvements compared to the original scheme. The
displacement of the concrete overlays is reduced by 10.27% when using the BUSP configu-
ration. Additionally, there is a notable decrease of 29.69% in the maximum tensile stress
experienced by the structure.

These findings demonstrate that the implementation of the BUSP effectively enhances
the stiffness and performance of the concrete structure within the bridge deck system. The
BUSP solution proves to be successful in mitigating displacement and reducing tensile
stress, indicating its potential as an effective design modification for improved structural
performance.

4. Parametric Study by Computational Analysis
4.1. Computation Model

To investigate the impact of size parameters of the bi-directional U-ribbed stiffening
plate (BUSP) on structural stress, finite element analysis (FEA) models were constructed for
a portion of the bridge using the ABAQUS software. Two types of structural models were
primarily established for this analysis.

Both types of models incorporated the U-ribbed stiffening plate, which is depicted
within the black box in Figure 9. The key difference between the two models lies in the
crossbeams used. Structure 1 utilized optimized crossbeams, while Structure 2 retained
the crossbeams from the original design. The purpose of creating these two variations of
computational models is to further validate the effectiveness of the optimized crossbeams.
Additionally, the computational results obtained from the two types of FEA models, with
different size parameters, will be compared with the original structure.
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Figure 9. Configuration of a structural model.

In the U-ribbed stiffening plate, the size parameters include both individual U-rib
characteristics and various spacing parameters between U-ribs. The size parameters of
a single U-rib consist of the following: the height of the U-rib (h), the opening width of
the U-rib (a), the bottom width of the U-rib (b), the thickness of the steel plate (t), and the
angle between the side and bottom edges of the U-rib (α). On the other hand, the spacing
parameters between U-ribs comprise the spacing between longitudinal U-ribs along the
transverse direction of the bridge (e) and the longitudinal spacing between transverse
U-ribs (w). The meaning of these size parameters is shown in Table 4. And all these size
parameters used in the FEA models are illustrated in Figure 10 for reference.

Table 4. The meaning of the size parameters for the U-ribbed stiffening plate.

Parameters Meaning

h The height of the U-rib
a The opening width of the U-rib
b The bottom width of the U-rib
t The thickness of the steel plate
α The angle between the side and bottom edges of the U-rib
e The spacing between longitudinal U-ribs
w The spacing between transverse U-ribs

In a single U-rib of the BUSP, there are five size parameters: a, b, α, h, and t. However,
these parameters are not entirely independent. For instance, when b is kept constant,
changing the value of a will correspondingly affect the value of α. This relationship
between a, b, and α indicates that α is a non-independent parameter. Furthermore, since
the bottom of the BUSP directly contacts the crossbeams, the size of the U-rib’s bottom
(b) must be consistent with the flange plate dimensions of the crossbeams. Therefore, the
primary focus of this paper regarding the single U-rib size parameters is on a, h, and t. The
parameter b has been set as a constant value of 600 mm, matching the dimensions of the
crossbeam flange.
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When discussing the single U-rib size parameters, the spacing size parameters, e
and w, were set as 4112.5 mm and 10,000 mm, respectively. This setting aims to achieve
compatibility between the bottom side of the BUSP and the crossbeams.

Once all the size parameters are determined, the coordinates of each node on the
BUSP can be calculated using geometric methods. A Python script was developed for
ABAQUS to facilitate the process of parametric modeling. In this script program, the nodes
of the U-rib are assigned numerical labels, as shown in Figure 11, with Node 1 serving
as the origin of the coordinate system. In the case that the nodes of the U-rib have been
processed according to Figure 11, the coordinates of all the U-rib nodes can be expressed
as a function of the size parameters. Table 5 presents the x-coordinates (abscissa) and
y-coordinates (ordinate) for the eight nodes of the U-rib, in which c is calculated according
to the following formula.

c = |t/tan(α/2)| (1)
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Figure 11. Node numbering of U-rib.

Table 5. The abscissa and ordinate of the nodes of the U-rib.

Node Number x (mm) y (mm)

1 0 0
2 a 0
3 (a− b)/2 t− h
4 (a + b)/2 t− h
5 (a− b)/2− c −h
6 (a + b)/2 + c −h
7 −c −t
8 a + c −t
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In the context of bridge structures, one common type of deck distress is the cracking
and failure of the concrete overlay due to excessive tensile stress. These cracks can also
lead to water infiltration, which in turn causes corrosion of the underlying steel structure.
This deterioration significantly impacts the service life of the bridge structure. Therefore,
the focus of this study is to investigate the variations in stresses and displacements of the
concrete overlay when different values are assigned to the three independent parameters
(a, h, and t).

By examining how these parameters affect the behavior of the concrete overlay, we
can gain insights into the potential causes of cracking and failure. This knowledge can
then be used to develop strategies for improving the design and maintenance of bridge
structures, ultimately enhancing their durability and extending their service life.

4.2. Influence of Single Parameters h, t, and a

Indeed, the height of the U-rib (h) plays a crucial role in the design of the BUSP. Using a
simple rectangular section beam as an example, its bending stiffness is directly proportional
to the cube of its height. This example clearly illustrates that the distribution of material
along the height direction significantly impacts the bending resistance of structures. To
explore this further, this paper considers values of 70, 80, 90, 100, and 110 mm for h.

Figure 12 demonstrates that variations in h have a more pronounced effect on the
bending stiffness of the U-rib compared to changes in t and a. Increasing h effectively
increases the bending stiffness of the BUSP. However, it is important to note that an increase
in h does not necessarily result in smaller concrete stresses. Figure 13 provides information
on the maximum stress and displacement of the concrete overlay in Structure 1, Structure 2,
and the original structure for different values of h (70, 80, 90, 100, and 110 mm). Additionally,
Figure 13c compares the stress of the steel crossbeams in Structure 1 and Structure 2 with
that of the original structure.
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Figure 12. The bending stiffness of the U-rib varies with the change of h, t and a.
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Figure 13. The impact of changes in the h value on the bridge deck structure: (a) impact on stress of
concrete overlay, (b) impact on displacement of concrete overlay, (c) impact on stress of crossbeam.



Appl. Sci. 2023, 13, 9340 12 of 25

These figures provide insights into how variations in h affect the internal stresses and
displacements of the concrete overlay and the steel crossbeams. By analyzing these results,
we can better understand the impact of parameter changes on the structural behavior and
determine optimal design configurations for the BUSP.

From the observation of Figure 13, it is evident that both Structure 1 and Structure 2
exhibit significant improvements in strength and stiffness when compared to the original
structure. This improvement is primarily characterized by lower displacement and stress
levels in the concrete overlay under the same load conditions, as well as enhanced stress in
the steel crossbeam.

Following the principle of a single variable, except for the height change of the U-rib,
all other size parameters remain constant. By examining the graph in Figure 13, it can be
seen that, except for the transition from 100 mm to 110 mm, the displacement, and stress
of the concrete overlay increase as the height decreases under the five specified h values.
Referring to Figure 10, it is noted that the total thickness of the concrete overlay, including
the U-ribs, is 250 mm. Consequently, an increased h value leads to thinner sections without
U-rib stiffeners in the concrete overlay, which could have an unfavorable impact on the
stress distribution in those areas.

In the range of h values between 70 mm and 100 mm, the reinforcement provided by
the U-ribs mitigates this adverse effect to some extent. However, when the height of the
U-ribs reaches 110 mm, this effect becomes more pronounced. Thus, for the BUSP, a larger
h value does not necessarily translate to improved performance.

Based on these findings, it is crucial to strike a balance between the height of the
U-ribs and the overall design objectives of the BUSP. Simply increasing the height without
considering the corresponding effects on stress distribution and performance might not
yield the desired outcome. Therefore, careful consideration should be given to selecting an
optimal h value during the design process.

Based on the observation of Figure 12, increasing the value of t (thickness) is more
advantageous in enhancing the stiffness of the BUSP compared to increasing the value of a
(width). This is attributed to the fact that both t and h (height) are dimensions in the vertical
direction, thus influencing the bending stiffness of the structure. To assess the impact of
variations in t on the performance of the BUSP, calculation models were created for the
BUSP using different t values: 8 mm, 10 mm, 12 mm, 14 mm, and 16 mm. Figure 14 depicts
the stress and displacement of the concrete overlay for the three structures under these
specified t conditions. From the analysis of Figure 14, it is apparent that both the maximum
stress and displacement of the concrete overlay decrease as the t value (thickness) increases.
When t is increased from 8 mm to 16 mm, the range of variation in maximum stress within
the concrete overlay is almost equivalent to the range observed when h (height) is increased
from 70 mm to 110 mm. While increasing the t value can enhance the stiffness of the BUSP,
it also leads to a significant increase in the amount of steel required. This implies that there
would be a corresponding rise in construction costs and material consumption.

From the analysis of Figure 15, it is evident that both for a single U-rib and for the
BUSP, the increase in steel consumption caused by increasing the t value (thickness) is
significantly greater than the effects of changes in h (height) and a (width) values. This
suggests that increasing the height of the U-ribs in the BUSP is a more effective approach
for managing tensile stress in the concrete overlay compared to thickening the BUSP. By
focusing on increasing the height of the U-ribs, it is possible to improve the structural
performance and control stresses without significantly escalating the steel consumption or
construction costs associated with the thickening of the entire BUSP.

This information highlights the importance of considering different design parameters
and their respective effects on the performance and cost of the structure. Designers should
prioritize the most effective and efficient strategies to achieve the desired objectives while
optimizing resources and meeting project requirements.
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Figure 14. The impact of changes in the t value on the bridge deck structure: (a) impact on stress of
concrete overlay, (b) impact on displacement of concrete overlay, (c) impact on stress of crossbeam.
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Figure 15. U-rib and BUSP areas vary with changes in h, t, and a.

In addition, six different values of a (width), namely 650 mm, 670 mm, 690 mm,
710 mm, 730 mm, and 750 mm, were considered to study their influence on the stiffness of
BUSP. Although Figure 12 indicated that varying width values could not effectively enhance
the stiffness of the BUSP, changes directly affect the width of the U-shaped stiffeners at the
bottom of the concrete overlay, thus increasing its bending stiffness.

In Figure 16, it is evident that increasing the value of a leads to a significantly greater
increase in the stiffness of the concrete components compared to the other two parameters
(t and h). Additionally, as the value of h increases, the flexural stiffness of the concrete
component decreases, which explains why the maximum tensile stress in the concrete
increases when the h value is raised from 100 mm to 110 mm. The decrease in the stiffness
of the concrete overlay with an increasing h value mainly results from the reduction in the
thickness of the concrete overlay outside the U-ribs.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 14 of 25 
 

In Figure 16, it is evident that increasing the value of 𝑎 leads to a significantly greater 

increase in the stiffness of the concrete components compared to the other two parameters 

(𝑡 and ℎ). Additionally, as the value of ℎ increases, the flexural stiffness of the concrete 

component decreases, which explains why the maximum tensile stress in the concrete in-

creases when the ℎ value is raised from 100 mm to 110 mm. The decrease in the stiffness 

of the concrete overlay with an increasing ℎ value mainly results from the reduction in 

the thickness of the concrete overlay outside the U-ribs. 

These findings emphasize the importance of considering different design parameters 

and their respective effects on the stiffness and performance of the concrete components 

in BUSP structures. Designers should carefully evaluate the trade-offs between different 

parameters to optimize the overall structural design. 

 

Figure 16. The stiffness of the concrete varies with changes in h, t, and a. 

Figure 17 demonstrates that increasing the value of 𝑎 (width) leads to a decrease in 

stress and displacement in the concrete overlay, as well as the stress in the steel crossbeam. 

By increasing the values of ℎ (height) to 100 mm, 𝑡 (thickness) to 16 mm, or 𝑎 to 750 

mm, it is possible to control the maximum tensile stress of the concrete overlay at approx-

imately 0.71 MPa. 

However, it should be noted that just as a larger 𝑡 value means more steel consump-

tion, increasing the value of 𝑎 will also result in greater consumption of concrete. Figure 

18 illustrates how changes in ℎ, 𝑡, and 𝑎 affect the cross-sectional area of the concrete 

overlay. Increasing both 𝑎  and 𝑡  values will moderately increase the consumption of 

concrete while increasing the ℎ value will significantly reduce the consumption of con-

crete. Additionally, increasing the ℎ  value will not have a significant impact on the 

amount of steel used. 

h, t, α increasing

Bottom U-ribs of the concrete overlay The whole concrete overlay

8.2

8.4

8.6

8.8

9.0

9.2

9.4

I x
x 
(×

1
0

8
 m

m
4
)

 Varies with the change of h

 Varies with the change of t

 Varies with the change of a

0.8

0.9

1.0

1.1

1.2

1.3

1.4

I x
x 
(×

1
0

1
0
 m

m
4
)

 Varies with the change of h

 Varies with the change of t

 Varies with the change of a

Figure 16. The stiffness of the concrete varies with changes in h, t, and a.

These findings emphasize the importance of considering different design parameters
and their respective effects on the stiffness and performance of the concrete components
in BUSP structures. Designers should carefully evaluate the trade-offs between different
parameters to optimize the overall structural design.
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Figure 17 demonstrates that increasing the value of a (width) leads to a decrease in
stress and displacement in the concrete overlay, as well as the stress in the steel crossbeam.
By increasing the values of h (height) to 100 mm, t (thickness) to 16 mm, or a to 750 mm, it
is possible to control the maximum tensile stress of the concrete overlay at approximately
0.71 MPa.
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Figure 17. The impact of changes in the a value on the bridge deck structure: (a) impact on stress of
concrete overlay, (b) impact on displacement of concrete overlay, (c) impact on stress of crossbeam.
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However, it should be noted that just as a larger t value means more steel consumption,
increasing the value of a will also result in greater consumption of concrete. Figure 18
illustrates how changes in h, t, and a affect the cross-sectional area of the concrete overlay.
Increasing both a and t values will moderately increase the consumption of concrete while
increasing the h value will significantly reduce the consumption of concrete. Additionally,
increasing the h value will not have a significant impact on the amount of steel used.
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Figure 18. The cross-sectional area of the concrete overlay varies with changes in h, t, and a.

Therefore, among the three discussed size parameters (h, t, and a), controlling the h
value appears to be the most effective method for the parameterized design of the BUSP
structure in terms of both safety and economy. However, it is important to ensure that the
h value is not excessively high, as this would result in a thin concrete overlay that may not
meet the design requirements for crack resistance.

Thus, a careful balance needs to be struck between optimizing the size parameters to
achieve the desired structural performance while considering material consumption and
meeting design standards for concrete durability.

4.3. Coupled Effect of Two or More Parameters in h, t, and a

To further investigate the impact of the three parameters h, t, and a on the design of
the BUSP structure for enhancing the stress performance of the concrete overlay in the
bridge deck, a parameterized analysis will be conducted in this study. The analysis will
involve simultaneous variations of t and h, h and a, and t and a. Firstly, we focus on the
simultaneous variation of h and t. Figure 19 illustrates how the stress and displacement of
the concrete overlay change with different h and t values. In the figure, stress is represented
by the black frame, while displacement is denoted by the red frame.
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Figure 19. The stress and displacement of concrete overlay vary with the variation of h and t.

As seen in Figure 19, the variation of h and t values exhibit similar effects in improving
the maximum tensile stress of the concrete overlay (when the value is smaller than 100 mm).
This characteristic is evident from the diagonal trends observed in the stress reduction of
the concrete overlay. However, when it comes to their influence on displacement, h and t
exhibit different patterns. While both h and t contribute to a decrease in displacement, the
impact of h is significantly greater than that of t. This is visually apparent from Figure 19,
where the direction of displacement reduction primarily aligns parallel to the h axis.

These findings indicate that adjusting the values of h and t can effectively enhance the
stress performance of the concrete overlay in the bridge deck. However, it is worth noting
that there may be limitations or optimal ranges for these parameters to ensure structural
integrity and crack resistance in the concrete overlay.

Similar to the simultaneous variation of h and t, Figure 20 illustrates the changes in
stress and displacement of the concrete overlay with variations in h and a. Comparing
Figure 20 with Figure 19 reveals that while an increase in h, t, and a leads to a decrease in
the stress of the concrete overlay (when h is below 100 mm), their individual impacts on
concrete stress differ. When comparing the variations with h, the direction in which the
stress decreases most rapidly, as depicted in Figure 19, is closer to the h-axis, whereas in
Figure 20, it is closer to the a-axis. This indicates that variations in t have a slightly smaller
effect on the stress of the concrete overlay compared to variations in h, while variations in a
have a slightly greater effect.

When considering simultaneous variations of h and a, the trend of maximum vertical
displacement of the concrete follows a similar pattern as when considering simultaneous
variations of h and t. This implies that among the three parameters adjusting the value of h
is the most effective in reducing the vertical displacement of the concrete overlay.

These observations suggest that optimizing the values of h, t, and a can effectively
enhance the stress performance and reduce displacement in the concrete overlay of the
bridge deck. However, further analysis and evaluation are necessary to determine the
specific optimal ranges for these parameters that strike a balance between stress reduction,
displacement control, and other design requirements for the BUSP structure.
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Figure 20. The stress and displacement of concrete overlay vary with the variation of h and a.

Figure 21 illustrates the relationship between the stress and displacement of the con-
crete overlay and the variations in parameters t (thickness) and a (another parameter).
Upon analyzing Figure 21, it becomes apparent that the variation in parameter a primar-
ily affects the maximum tensile stress experienced by the concrete overlay. Conversely,
the variation in parameter t has a more pronounced influence on the maximum vertical
displacement of the concrete overlay.
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Figure 21. The stress and displacement of concrete overlay vary with the variation of t and a.
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Hence, it can be concluded that adjusting parameter a holds greater significance in
managing the maximum tensile stress of the concrete overlay, while modifying parameter t
plays a crucial role in controlling the maximum vertical displacement. These observations
provide valuable insights for engineers and designers to optimize and fine-tune the values
of parameters a and t, ensuring desirable stress and displacement performance of the
concrete overlay in various structural applications.

Based on the analysis of Figures 10 and 11, it is evident that the independent size pa-
rameters for a single U-rib include a, b, h, and t. However, to ensure compatibility between
the BUSP and crossbeams, this study considers b as a constant value. Consequently, the
dimensional parameters under investigation are a, h, and t. To explore the combined effects
of these dimensional parameters on the stress of the concrete overlays, this study introduces
the area parameter A for a single U-rib. This parameter, expressed by Equation (2) using
the values of a, b, h, and t, plays a vital role in the analysis.

A =
(a + 2y + b + 2x)h

2
− (a + b)(h− t)

2
(2)

x = t/tan α (3)

y = t/sin(π − α) (4)

In Figure 22, the variation of the maximum tensile stress in the concrete overlays
with respect to A is depicted. Notably, as the value of A increases, the maximum tensile
stress in the concrete overlays initially decreases, reaching a minimum at approximately
A = 11, 000 mm2, before subsequently increasing.
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Figure 22. The variation of the maximum tensile stress in the concrete overlays with respect to A.

4.4. Influence of Spacing Parameters (e and w)

Distinguished from the size parameters of a single U-rib, the overall structural stiffness
of the entire BUSP can be directly modified by adjusting the spacing parameters, thus
enhancing its load-bearing performance. By reducing the spacing parameter e, the number
of U-ribs along the longitudinal direction of the BUSP increases, leading to an improvement
in its longitudinal stiffness. Similarly, by decreasing the spacing parameter w, the number
of U-ribs along the transverse direction of the bridge increases, bolstering the bending
stiffness in that direction.
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To investigate the effects of these spacing parameters, three distinct models with
varying parameters were constructed, as depicted in Figure 23. Model 1 represents the
original structure of the BUSP, while Model 2 reduces the value of w to half of the original
structure. In Model 3, the value of e is halved compared to the original structure. Model 4
simultaneously reduces both e and w to half of their original values.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 20 of 25 
 

Figure 22. The variation of the maximum tensile stress in the concrete overlays with respect to 𝐴. 

4.4. Influence of Spacing Parameters (𝑒 and 𝑤) 

Distinguished from the size parameters of a single U-rib, the overall structural stiff-

ness of the entire BUSP can be directly modified by adjusting the spacing parameters, thus 

enhancing its load-bearing performance. By reducing the spacing parameter 𝑒, the num-

ber of U-ribs along the longitudinal direction of the BUSP increases, leading to an im-

provement in its longitudinal stiffness. Similarly, by decreasing the spacing parameter 𝑤, 

the number of U-ribs along the transverse direction of the bridge increases, bolstering the 

bending stiffness in that direction. 

To investigate the effects of these spacing parameters, three distinct models with var-

ying parameters were constructed, as depicted in Figure 23. Model 1 represents the origi-

nal structure of the BUSP, while Model 2 reduces the value of 𝑤 to half of the original 

structure. In Model 3, the value of 𝑒 is halved compared to the original structure. Model 

4 simultaneously reduces both 𝑒 and 𝑤 to half of their original values. 

The establishment of these models enables a comprehensive examination of the im-

pact of spacing parameters on the overall stiffness of the BUSP. This investigation serves 

to inform engineers and designers seeking to optimize the structural performance and 

load-bearing capacity of the BUSP in different spatial orientations. 

 

Figure 23. The models with varying spacing parameters (unit: mm). 

Figure 24 presents a comprehensive comparison of the maximum tensile stress in the 

concrete overlay among four different models, each with varying spacing parameters for 

both Structure 1 and Structure 2. From the graph, it is evident that adjusting the spacing 

parameters 𝑒 and 𝑤 leads to a notable decrease in the maximum tensile stress within the 

concrete overlay. Additionally, this reduction proves to be significantly more effective 

compared to modifying the dimensions of a single U-rib. Notably, by reducing the values 

of 𝑒 and 𝑤, the stress levels near the transverse side span of the bridge are notably im-

proved. This improvement becomes even more pronounced when increasing the number 

of transverse U-ribs (achieved by reducing the value of 𝑤). 

These findings emphasize the importance of optimizing the spacing parameters in 

enhancing the stress distribution and performance of the concrete overlay. Engineers and 

designers can utilize this information to create more resilient and robust structures, par-

ticularly in areas prone to high tensile stress concentrations near the transverse side span 

of the bridge. 

The top surface of a concrete overlay The bottom surface of a concrete overlay

e = 4,112.5

w = 10,000/2

e = 4,112.5/2

w = 10,000

e = 4,112.5

w = 10,000

e = 4,112.5/2

w = 10,000/2

1 2

3 4

Figure 23. The models with varying spacing parameters (unit: mm).

The establishment of these models enables a comprehensive examination of the impact
of spacing parameters on the overall stiffness of the BUSP. This investigation serves to
inform engineers and designers seeking to optimize the structural performance and load-
bearing capacity of the BUSP in different spatial orientations.

Figure 24 presents a comprehensive comparison of the maximum tensile stress in
the concrete overlay among four different models, each with varying spacing parameters
for both Structure 1 and Structure 2. From the graph, it is evident that adjusting the
spacing parameters e and w leads to a notable decrease in the maximum tensile stress
within the concrete overlay. Additionally, this reduction proves to be significantly more
effective compared to modifying the dimensions of a single U-rib. Notably, by reducing the
values of e and w, the stress levels near the transverse side span of the bridge are notably
improved. This improvement becomes even more pronounced when increasing the number
of transverse U-ribs (achieved by reducing the value of w).

These findings emphasize the importance of optimizing the spacing parameters in
enhancing the stress distribution and performance of the concrete overlay. Engineers
and designers can utilize this information to create more resilient and robust structures,
particularly in areas prone to high tensile stress concentrations near the transverse side
span of the bridge.

By analyzing Figure 24, it becomes apparent that adjusting the spacing parameters
to alter the number of U-ribs in the concrete overlay leads to a corresponding shift in the
location of the maximum tensile stress within the overlay. The specific positioning of this
stress is showcased in Figure 25, which highlights the variations resulting from different
spacing parameter configurations across both Structure 1 and Structure 2.
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For a comprehensive examination, each structure includes four distinct spacing param-
eter setups for the BUSP. These configurations consist of the original BUSP structure, the
BUSP structure with modified parameter w, the BUSP structure with modified parameter e,
and the BUSP structure with simultaneous modifications to parameters w and e.

These visual representations offer valuable insights into the relationship between
spacing parameters and the distribution of tensile stress within the concrete overlay. En-
gineers and researchers can utilize this knowledge to strategically optimize the design
and placement of U-ribs to effectively manage stress concentrations in different regions of
the BUSP.

The eight different models representing the four types of BUSP for both structures are
visually distinguished by the eight colors displayed in Figure 25. From this figure, several
significant conclusions can be drawn.

(a) The maximum tensile stress occurs at the mid-span of the bridge, which can be
attributed to the peak bending moment experienced at this location.

(b) Keeping the values of parameters e and w constant, the original BUSP design shows
that the maximum tensile stress in the concrete overlays for both Structure 1 and
Structure 2 is located outside the U-rib stiffening region.

(c) Concerning Structure 1, altering parameter w, i.e., increasing the number of transverse
U-ribs, results in a shift of the maximum tensile stress towards the added transverse U-
ribs. However, changes in parameter e mainly affect the magnitude of the maximum
tensile stress, while its location remains similar to the original BUSP design.

(d) For Structure 2, variations in parameters e and w primarily impact the magnitude
of stress rather than its distribution. This distinction is primarily due to the support
provided by the secondary beams in the crossbeam system of Structure 2 to the
newly added transverse U-ribs, leading to different characteristics when compared to
Structure 1.

Furthermore, Figure 26 demonstrates that the maximum vertical displacement of the
concrete overlay also decreases as parameters e and w are reduced, following a similar
pattern to the variation observed in maximum tensile stress.
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Figure 26. The maximum vertical displacement of the concrete overlay varies with the changes in
parameters e and w.

These findings provide valuable insights into the behavior and performance of the
BUSP under different spacing parameter configurations, enabling engineers to make in-
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formed decisions in optimizing these parameters to minimize stress and displacement in
concrete overlays.

5. Conclusions

In this study, a novel BUSP-concrete composite bridge deck system was designed.
To analyze the impact of size parameters on its mechanical performance, a Python-based
ABAQUS parameterized modeling script was developed. Based on the presented results,
the following conclusions can be drawn.

• To achieve cast-in-place construction for the concrete structure of the bridge deck while
maintaining the amount of steel used, thin steel plates were added to the original
structure, and the crossbeam system was simplified. Finite element (FE) analysis
demonstrated that the improved structure exhibited higher panel stiffness compared
to the original design. Furthermore, the application of BUSP further increased the
stiffness of the concrete overlay. Compared to the original design, it respectively
reduced the maximum vertical displacement of the concrete overlay and the maximum
tensile stress by 10.27% and 29.69%.

• When considering size parameters (h, t, and a) of a single U-rib of BUSP, it was
observed that both the maximum tensile stress and maximum vertical displacement
of the concrete overlay decrease with increasing t and a. Additionally, for h values not
exceeding 100 mm, stress and displacement also decrease with increasing h. Compared
to the original design, adjusting values of these three size parameters can reduce the
maximum tensile stress of the concrete overlay by 15%. However, considering the
quantities of steel and concrete used, adjusting the h value can be considered the most
effective method for enhancing the mechanical performance of BUSP.

• By examining combinations of the three parameters (h, t, and a), their influence on the
maximum tensile stress and maximum vertical displacement of the concrete overlay
was compared. The research findings indicate that parameter a has the greatest impact
on the stress of the concrete overlay, while parameter h has the greatest impact on
vertical displacement.

• To investigate the combined effects of parameters h, t, and a, the parameter A, repre-
senting the area of the BUSP, was introduced. The results revealed that the minimum
tensile stress of the concrete overlay is achieved when the value of A is approximately
11,000 mm2.

• Reducing spacing parameters (e and w) can also enhance the mechanical performance
of the BUSP. When only reducing the value of either e or w by half, the maximum
vertical displacement and tensile stress of the concrete overlay can be reduced by
approximately 10%. Furthermore, when simultaneously reducing the values of both e
and w, the reduction magnitude can reach 15% or more. However, this improvement
comes at the expense of increased construction difficulty and material expenses, as
it requires the addition of extra U-ribs in the transverse or longitudinal direction of
the bridge.

• These findings contribute to a better understanding of the mechanical behavior of
BUSP and offer insights for optimizing its design parameters to enhance its perfor-
mance while considering construction feasibility and cost-effectiveness.
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