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ABSTRACT: The impact of longitudinal stiffener configurations on the structural performance of orthotropic steel
bridge decks (OSD) was systematically investigated, with emphasis on U-shaped, T-shaped, and rectangular ribs.
Finite element analysis was employed to evaluate deformation and stress distribution under three critical loading
scenarios: vertical uniform load, vertical eccentric load, and lateral uniform load. Equivalent models ensuring identical
steel usage, moment of inertia, and centroid alignment were established to compare five stiffener configurations.
Results demonstrate that U-rib configurations exhibit superior performance in controlling local displacements and
minimizing stress concentrations. Under eccentric loading, U-ribs significantly reduce deck displacement and mitigate
stress fluctuations at critical junctions compared to alternative stiffeners. Stability analysis further reveals that U-ribs
achieve stability coefficients substantially higher than open-section alternatives, particularly excelling under lateral
loading due to enhanced torsional rigidity. Parametric optimization identifies key geometric thresholds where U-rib
thickness exceeding 6 mm yields diminishing returns in stress reduction and stability enhancement, while deck flange
thickness beyond 16 mm provides marginal improvements in displacement control despite increased material usage.
An optimized design combining 6-mm U-ribs with 16-mm deck flanges is proposed, balancing structural efficiency
with stringent deformation requirements for high-speed rail bridges. These findings provide foundational insights for
optimizing stiffener selection and enhancing the longevity of orthotropic steel bridge decks in heavy-load applications.

KEYWORDS: Orthotropic steel bridge deck (OSD); finite element analysis; longitudinal stiffeners; U-rib; stress
distribution

1 Introduction

Orthotropic steel bridge decks (OSDs), comprising stiffened ribs and top plates, play a critical role
in load-bearing capacity. These decks serve not only as the upper flange of steel beams but also directly
support vehicular loads. Characterized by their lightweight, high strength, and excellent structural integrity,
OSDs have been widely adopted in highway, railway, and urban bridge construction in China since their
introduction in the 1970s, gradually replacing traditional concrete decks due to superior material proper-
ties [1-4]. However, the structural complexity of OSDs, coupled with variations in longitudinal stiffener
types (e.g., U-shaped, T-shaped, and rectangular ribs), leads to significant differences in cross-sectional
design and connection methodologies. While aerodynamic effects significantly influence bridge behavior,
studies on closed-box girders [5] prove that oversimplified load representations, whether in aerodynamic or
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structural domains, risk inaccuracies. These variations considerably influence the overall stiffness, stability,
and deformation control of the bridge deck [6-8]. Field tests combined with multi-scale FEM (Finite Element
Method) simulations were carried out by Chen and Miao [9], which reveals that rib-to-deck connections
primarily endure bending stress, while rib-to-rib joints experience membrane stress. Both exhibit strong
stress localization, with influence lines significantly shortened by longitudinal ribs. Monitoring data from
the Taizhou Yangtze River Bridge tested by Zhuang et al. [10] indicate that the fatigue life of welds in 14-
mm-thick decks is substantially shorter than in 16-mm-thick counterparts, with rib-to-rib butt joints and
diaphragm openings identified as high-risk zones. Consequently, the configuration of the stiffening ribs
directly governs the structural performance and durability of the bridge deck under loading. Therefore, a
systematic investigation into the impact of different stiffener configurations on the mechanical properties of
OSDs is critically required to provide a robust foundation for deck design optimization.

Extensive research on OSDs has yielded significant advancements. For instance, the fatigue crack
propagation in U-rib butt welds of the Hong Kong-Zhuhai-Macao Bridge was examined by Liu et al. [11]
through numerical simulation based on linear elastic fracture mechanics; their methodology was validated
via model tests, demonstrating its feasibility and effectiveness. Numerous studies have focused on evalu-
ating the fatigue damage of OSDs under traffic loads, employing both finite element models [12,13] and
experimental methods [14,15].

The influence of a separate inner stiffener (SIS) on the fatigue performance of rib-to-floor beam
junctions in OSDs was investigated by Di et al. [16]. Saunders et al. [17] explored the potential of a
novel rib-to-floor beam connection for OSDs, utilizing finite-element analysis to evaluate the fatigue
performance of the slit connection. Various aspects of bridge design and load stress behavior were examined
by Shang et al. [18] and Kato et al. [19]. A novel design and construction method for a steel-UHPC (ultra-
high-performance concrete) truss pedestrian bridge was introduced by Zhang et al. [20], detailing the
integration of ultra-high-performance concrete to enhance structural performance. This approach illustrates
the potential of combining advanced materials to optimize bridge design, with direct relevance to OSD
development. The fatigue cracking process and mechanisms of rib-welded connections under cyclic loading
were studied by Cheng et al. [21], while a time-dependent fatigue reliability assessment based on long-term
strain monitoring was proposed by Deng et al. [22]. A finite element model based on real bridge data was
established by Zhu and Guo [23], who also proposed a process for investigating fatigue crack growth in OSDs,
highlighting the importance of accurate modeling for predicting such growth. Finite element calculation
results were compared with fatigue test outcomes from full-scale specimens by Aygiil et al. [24]. Their findings
revealed that structural hot-spot stresses derived from shell element models were unrealistically high when
welds were omitted, indicating the necessity for more accurate modeling to assess OSD fatigue performance.

Despite these advancements, a lack of systematic research regarding the construction and performance
comparison of equivalent models for different stiffeners persists. The mechanical behavior of a concrete slab
of a large-span through tied-arch composite bridge was investigated by Zhou et al. [25], which shows that
the mechanical behavior of the concrete slab gets worse with the increase of composite regions between
steel beams and the concrete slab. Unified design guidelines for optimal stiffener configurations have not yet
been established. This research gap results in a reliance on empirical approaches for stiffener selection and
arrangement in engineering practice, thereby limiting the potential benefits of different rib types. Particularly
for high-speed rail bridge decks, where deformation control and fatigue resistance are paramount concerns,
a comparative assessment of the mechanical behaviors of various stiffener designs is urgently needed. The
development of rational equivalent analysis models and optimization methods is therefore imperative.
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To address these issues, finite element analysis is employed in this study to systematically evaluate the
performance of different longitudinal stiffener models under various loading conditions. Three represen-
tative loading scenarios were selected: vertical uniform load, vertical eccentric load, and lateral uniform
load. By calculating the deformation and stress distribution within the bridge deck under each condition,
the influence of different stiffener types on deck stiffness and strength is elucidated. Differences in load-
bearing capacity and deformation control between U-shaped, T-shaped, and rectangular ribs are compared.
Furthermore, the applicability and accuracy of commonly used equivalent models under complex loading
conditions are assessed.

Additionally, the design of U-ribs is optimized through a parametric analysis of key geometric
parameters. The impact of variations in rib height, thickness, and the dimensions and arrangement of
perforations in the stiffener web on the overall bridge deck performance is evaluated. Based on these findings,
an optimized U-shaped rib design is proposed to enhance deck stiffness, stability, and durability, thereby
meeting the stringent requirements of high-speed rail bridge structures. The results of this study provide
valuable theoretical support for the design and optimization of orthotropic steel bridge decks and stiffener
layouts, offering practical insights for the design of similar high-speed rail bridges.

2 Engineering Background

The Qingshuiping Bridge is a critical control project of the Yuxia High-Speed Railway. The bridge
is designed to accommodate high-speed rail operations at a velocity of 350 km/h, with a double-track
configuration and a track gauge of 5 m. The architectural form of the bridge is shown in Fig. 1.
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Figure 1: Project rendering of Qingshuiping Bridge

The deck structure is based on an orthotropic plate system, comprising a 16 mm thick steel deck plate,
U-shaped longitudinal ribs (with a center-to-center distance of 600 mm, top width of 300 mm, height of
280 mm, and plate thickness of 8 mm), and inverted T-shaped longitudinal beams (with a web height of 500
mm and flange width of 240 mm). Strict design requirements have been established to control the flatness
tolerance of the deck plate, with a limit of £1.5 mm/m, to ensure compatibility with the operational demands
of high-speed trains traveling at 350 km/h.
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2.1 Finite Element Model Development

In order to conduct a detailed structural analysis of the Qingshuiping Bridge, a comprehensive finite ele-
ment model was developed using the Midas Civil platform. The model incorporates refined representations
of the bridge’s key components to accurately capture their behavior under various loading conditions.

The bridge deck was modeled using shell elements to precisely characterize both in-plane and out-
of-plane stiffness properties, as shown in Fig. 2. Longitudinal ribs, transverse beams, and the main truss
were modeled with beam elements, with closed-section parameters defined to accurately reflect the torsional
resistance of the U-rib.

Figure 2: Finite element model between two sections

In the basic fundamental configuration, the lower chord members are configured with box-section
beams reinforced with ribs, featuring a height of 1400 mm and a width of 1000 mm. The deck system
is comprised of the deck plate, longitudinal and transverse beams, and longitudinal ribs. The deck plate
dimensions are specified as 12,912 mm in length and 16 mm in thickness. Positioned beneath the rail tracks,
the longitudinal beams are modeled with inverted T-shaped cross-sections, characterized by a web measuring
484 mm in height by 12 mm in thickness and a lower flange measuring 240 mm in width by 16 mm in
thickness. Both node and intermediate transverse beams are also modeled with inverted T-shaped cross-
sections. The node transverse beams have a web dimension of 1410 mm by 14 mm and a lower flange of 640
mm by 28 mm, while the intermediate transverse beams have a web dimension of 1410 mm by 14 mm and
a lower flange of 640 mm by 24 mm. U-ribs are employed, with an upper flange width of 300 mm, a lower
flange width of 184 mm, a height of 280 mm, and a uniform thickness of 8 mm. Plate ribs are modeled with
dimensions of 200 mm in width by 16 mm in thickness.

During the mesh generation process for the model, a convergence analysis was performed to determine
the optimal mesh size. The dimensions of the deck panel elements were set to 50 mm x 50 mm, while the
longitudinal rib element length was set to 100 mm. In regions of stress concentration, the mesh was refined
to 30 mm x 30 mm to ensure that the computational error was less than 2.5%. The mesh size selection
was guided by established practices for similar orthotropic steel bridge deck analyses, ensuring sufficient
resolution for stress and deformation predictions. The material properties of steel were taken as follows:
elastic modulus of 210 GPa, Poisson’ ratio of 0.3, density of 7850 kg/m’, and yield strength of 345 MPa, in
accordance with the Q345D bridge steel standard. These material parameters and modeling approaches [26]
(including element types and mesh convergence criteria) have been widely adopted and validated in previous
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research on steel bridge decks under static and fatigue loading conditions, demonstrating good agreement
with experimental observations.

The selection of U-shaped, inverted T-shaped, and plate stiffeners for comparative analysis was driven by
their practical relevance in bridge engineering [27] and specific design considerations for the Qingshuiping
Bridge. U-rib has been widely employed in numerous railway orthotropic steel decks in China, exemplified
by their application in major projects such as the Nanjing Dashengguan Yangtze River Bridge [28], owing to
their favorable structural efficiency. Inverted T-ribs have also found application in significant bridges, notably
the Jinan Yellow River Bridge [29], offering an alternative structural solution.

In the model, to investigate the stress characteristics of different types of stiffeners, an equivalent
principle was employed to represent the U-rib as a combination of two inverted T-ribs and rectangular ribs,
ensuring the equivalence of steel usage, moment of inertia, and centroid location. The specific equivalence
principles are as follows:

When the U-rib is equivalent to two inverted T-ribs, the total steel usage and moment of inertia of the
inverted T-ribs are made identical to those of the U-rib.

When the U-rib is equivalent to two rectangular ribs, the total steel usage and moment of inertia of the
rectangular ribs are also made identical to those of the U-rib.

For the equivalence of one inverted T-rib and one rectangular rib, the web of the ribs is positioned at
the center of the U-rib’s top plate.

When the U-rib is equivalent to two inverted T-ribs and two rectangular ribs, the web positions align
with the web of the U-rib.

Rectangular ribs were included primarily due to their enhanced constructability compared to the more
complex closed sections, potentially simplifying fabrication and installation. Crucially, the comparative study
was conducted under the principle of equivalent steel usage (along with moment of inertia and centroid
equivalence as detailed earlier), ensuring a fair assessment of the mechanical performance differences
attributable solely to the geometric configuration of the stiffeners.

Based on these equivalence principles, five comparative models illustrated in Fig. 3 were established:
the double U-rib prototype (Scheme A), one U-rib equivalent to one inverted T-rib (Scheme B), one U-rib
equivalent to two inverted T-ribs (Scheme C), one U-rib equivalent to one plate rib (Scheme D), and one
U-rib equivalent to two rectangular ribs (Scheme E). The accuracy of these models was verified using mass
equivalence (with an error limit of +1.5%), stiffness equivalence (based on section moment of inertia and
bending stiffness), and centroid matching (with a deviation of <3 mm), as shown in the following figures.
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Figure 3: Schematic diagram of different longitudinal rib arrangements (Unit: mm)
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2.2 Load Case Design

In this study, a comparative analysis was conducted on structures with different stiffener configurations,
covering 27 parameter combinations, including U-rib thickness (6 to 12 mm) and flange thickness (12 to 24
mm). All models were subjected to the same boundary conditions and Load Cases, as illustrated in Fig. 4.

Bridge centerline /- T
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Figure 4: Boundary constraints for the deck system between two sections

The selection of specific loading scenarios was to systematically evaluate the influence of different
stiffener configurations on the stiffness, strength, and stability of OSDs under conditions representative of
critical demands in high-speed railway applications. OSDs must possess sufficient performance in these
aspects to withstand the operational loads of high-speed trains.

Three Load Cases are considered as follows:

Load Case 1: A vertical uniformly distributed load of 200 kN/m is applied across the entire deck
plate, which is equivalent to a vertical uniform load of 15.5 kN/m?* on the surface of the bridge deck. The
global structural behavior and overall load-bearing capacity under symmetric loading are assessed by this
Load Case.

Load Case 2: To investigate the structural response under in-plane transverse eccentricity, a vertical
eccentric load is applied to the deck, representing a single-track railway live load of 64 kN/m. The load is
applied over a width of 1.5 m, resulting in a vertical uniformly distributed load of 42.7 kN/m?. This condition
represents typical live load scenarios for a single-track railway.

load Case 3: A lateral uniformly distributed load is applied to the lower chord of the bridge, which is
critical for the decK’s integrity under lateral forces such as wind or centrifugal effects on curves. The load is
applied along one side of the lower chord, positioned along the bridge’s centerline, with a magnitude of 1000
kN/m in the transverse direction (perpendicular to the bridge’s longitudinal axis).

3 Influence of Stiffener Configuration on the Deck’s Structural Performance
3.1 Comparison of Deck Deflection Results

In this study, a detailed analysis was conducted on the displacement responses of the deck plate under
different stiffener configurations, focusing on the performance differences across various loading conditions.
Opverall, although the displacement differences of the deck plate under different loading conditions were not
significant, the U-rib configuration exhibited clear advantages in controlling local displacements, particularly
in terms of vertical and transverse deformations.

As depicted in Fig. 5, the U-rib structure demonstrated smaller local displacements and more uniform
deformations, reflecting its superior performance in enhancing the overall stiffness of the deck plate and
distributing external loads more effectively. In contrast, the inverted T-shaped and plate rib configurations
showed larger local displacements in regions of load concentration, indicating their shortcomings in terms
of deformation resistance and stability.
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Specifically, under Load Case 1 and Load Case 2, the U-rib configuration mitigates vertical deck
displacement, particularly in regions with larger spans or concentrated loads. The reduced displacements
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attest to the U-ribs’ superior flexural rigidity. In terms of transverse displacement, the U-rib also exhibits
smaller deformations, especially when subjected to lateral loads. Its superior structural stiffness enables
the deck plate to uniformly distribute the loads, reducing local deformations. Conversely, inverted T-ribs
and rectangular ribs exhibit larger localized displacements under transverse loading, revealing limitations
in transverse deformation control. Under Load Case 3, lateral loading also influences deck deflection
distribution. Although U-ribs exhibit smaller transverse deflections than alternative stiffeners, confirming
their superior lateral stiffness and deformation resistance, this advantage is less pronounced than under
Load Cases 1 and 2. Inverted T-ribs and rectangular ribs show larger deflections, particularly at deck
plate edges, indicating reduced stability and heightened susceptibility to localized deformations under
transverse loading.

In summary, the U-rib configuration outperforms other stiffener forms in displacement response under
different loading conditions, particularly in controlling local deformations and enhancing the deck plate’s
resistance to deformation.

3.2 Comparison of Deck Stress Performance

This section analyzes the stress distribution of the deck plate under different loading conditions, from
Load Case 1 to Load Case 3. Considering the stress response under different loading conditions is crucial
for ensuring the structural safety and durability of the bridge. By simulating the effects of vertical uniformly
distributed loads, railway live loads, and lateral loads on the deck plate, this chapter delves into the stress
distribution characteristics of the deck under these loading scenarios.

Through a comparison of the longitudinal and transverse stress distributions of the deck plate under
various loading conditions, as presented in Fig. 6. This section highlights the advantages of different
longitudinal rib designs in controlling stress fluctuations, reducing local stress concentrations, and improving
the stability of the deck plate.

Under Load Case 1, when subjected to vertical uniformly distributed loading, the stress distribution
characteristics of the deck plate are significantly governed by the stiffener configuration. In most regions, the
deck plate is compressed, with tensile stresses observed only in small areas above nodes and intermediate
transverse girders. At the deck center, longitudinal stress distributions are similar across all stiffener types,
particularly above longitudinal girders, where near-uniform stresses are exhibited. However, configurations
with two T-ribs and two rectangular-ribs are characterized by marginally lower longitudinal stresses in the
deck plate, indicating that the load is more effectively shared and stress concentrations are reduced by these
designs. Above the web plate, both longitudinal and transverse stresses show fluctuations. The U-shaped,
two T-ribs, and two rectangular ribs schemes exhibit more frequent but smaller fluctuations, suggesting that
these designs are more effective at uniformly distributing the load, reducing local stress concentrations, and
enhancing the stability of the deck plate. In contrast, the configuration with one T-rib and one rectangular
rib shows fewer fluctuations but larger stress amplitudes, indicating that these designs are more prone to
generating significant local stress concentrations, which can exacerbate local deformation in the structure.

Overall, superior stress distribution and deformation control are demonstrated by the U-rib, double
T-rib, and double rectangular rib configurations. Therefore, these configurations are recommended for use
in bridge design to enhance the stiffness and deformation resistance of the bridge. Compared to uniformly
distributed loads, vertical eccentric loads exhibit higher non-uniformity, concentrating the load in specific
regions, which makes the stress and deformation distribution in the deck plate more complex.
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Figure 6: Stress distribution of different components of the deck under Load Case 1. (a) Longitudinal distribution of
longitudinal stress at the top of the deck plate center; (b) Transverse distribution of longitudinal stress at the center of
the intermediate span; (c) Longitudinal distribution of longitudinal stress at the internal longitudinal beam; (d) Trans-
verse distribution of transverse stress at the center of the intermediate span; (e) Longitudinal distribution of trans-verse
stress at the top of the deck plate center; (f) Transverse distribution of transverse stress at the top of the deck above the

intermediate transverse beam

Analysis under Load Case 2 provides critical insights into the deck plate’s stress response and defor-
mation behavior under eccentric loading, particularly regarding potential stress concentration issues during
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long-term operation. The contributions of different stiffener configurations to deformation resistance,
stability, and durability can be assessed through comparative evaluation. This is crucial for ensuring that the
bridge can effectively withstand dynamic loads during actual operation, preventing structural damage or
performance degradation caused by local deformation and stress concentration.

Under Load Case 2, when subjected to vertical eccentric loading, stress distributions within the deck
plate are rendered more complex than under uniform loading (Load Case 1). Significant stress fluctuations
are observed in loaded regions due to load non-uniformity, adversely affecting structural stability and long-
term performance. Analysis of stiffener configuration impacts reveals that the U-rib design demonstrates
superior performance under eccentric loading. Although exhibiting relatively uniform stress distribution
in some regions, Schemes C and E show larger stress fluctuations in the loading area. These fluctuations
may lead to local stress concentrations, reducing the deck plate’s resistance to deformation and affecting its
long-term performance.

Longitudinal stress distributions at the deck plate above internal longitudinal girders (Fig. 7c, d) are fur-
ther analyzed. Under eccentric loading, the U-rib configuration maintains relatively smooth stress profiles,
whereas other configurations display significant fluctuations. This indicates that local stress concentrations
are effectively mitigated by U-ribs, enhancing stability and durability. Conversely, configurations with larger
stress fluctuations may experience fatigue damage or cracking under sustained loading, thereby reducing
structural durability. Compared to vertical loads, lateral loads exert more localized effects, potentially causing
substantial transverse deformations and stress concentrations. Performance evaluation under Load Case 3
enables a deeper understanding of stiffener behavior under transverse loading, particularly in terms of their
ability to control stress fluctuations and reduce local stress concentrations. This calculation can reveal the
differences in the performance of various design schemes in resisting lateral loads, providing a scientific basis
to help select the optimal structural configuration.

From the analysis of Load Case 3, it is evident that the different stiffener configurations have a significant
impact on the stress distribution of the deck plate under lateral loads. In Fig. 8, the U-rib configuration
exhibits a more stable stress distribution in both the longitudinal and transverse directions compared to the
other configurations. This indicates that the U-rib design can more effectively distribute lateral loads, reduce
stress concentrations caused by the load, and enhance the overall stability and deformation resistance of
the bridge. In contrast, other configurations, such as the combination of T-ribs and rectangular ribs, show
larger stress fluctuations under lateral loading, particularly in regions with concentrated loads, leading to
local stress concentrations that could impact the long-term durability of the bridge.

In summary, the U-rib design demonstrates a clear advantage over other configurations when subjected
to lateral loads. Its smaller stress fluctuation amplitude and more uniform stress distribution indicate that
the U-shaped configuration can effectively distribute loads, reduce local stress concentrations, and improve
the deformation resistance and durability of the bridge. Therefore, the U-rib design is recommended for use
in deck plate design to enhance the long-term stability and service life of the bridge.
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Figure 7: Stress distribution of different components of the deck under Load Case 2. (a) Longitudinal distribution of
longitudinal stress at the top of the deck plate centerline; (b) Transverse distribution of longitudinal stress at the top
of the deck plate at the center of the intermediate span; (c) Longitudinal distribution of longitudinal stress at the top
of the deck plate above the internal longitudinal beam; (d) Longitudinal distribution of transverse stress at the top of
the deck plate centerline; (e) Transverse distribution of transverse stress at the top of the deck plate at the center of the
intermediate span; (f) Transverse distribution of transverse stress at the top of the deck plate above the intermediate

transverse beam
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Figure 8: Stress distribution of different components of the deck under Load Case 3. (a) Longitudinal distribution
of longitudinal stress on the top of the deck plate centerline; (b) Longitudinal distribution of transverse stress on the
top of the deck plate centerline; (c) Transverse distribution of transverse stress at the top of the deck plate above the
intermediate transverse beam; (d) Transverse distribution of longitudinal stress at the top of the deck plate above the
intermediate transverse beam

3.3 Comparison of Stability Performance

This section presents a stability analysis of the two-section orthotropic steel deck structures with
different longitudinal rib configurations (U-shaped, plate rib, and inverted T-rib) under three loading
conditions. Table 1 shows the stability coefficients and the unstable components for the different longitudinal
rib configurations under the three typical loading conditions. For ease of comparison, a normalized stability
coefficient is defined as the ratio of each configuration’s stability coefficient to that of Scheme 1.

Table 1 presents the calculated normalized stability coefficients for five deck stiffener configurations
under three distinct loading conditions. Under Load Case 1, the U-rib design (Scheme A) achieves the highest
normalized stability coefficient of 1.00, indicating optimal structural stability. Instability was primarily local-
ized in the longitudinal ribs between internal longitudinal beams and the adjacent deck plate, particularly
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within small sectional areas flanking intermediate transverse beams. The superior performance of the U-rib
is attributed to its enhanced rigidity and load-bearing capacity, which effectively mitigates local buckling and
improves overall deck stability.

Table 1: Calculated results of the normalized stability coefficients

Load casel Loadcase2 Loadcase3

Scheme A 1 1 1

Scheme B 0.89 0.84 0.69
Scheme C 0.94 0.94 0.96
Scheme D 0.63 0.58 0.42
Scheme E 0.79 0.62 0.82

Under Load Case 2, the U-rib maintains its performance advantage with a coefficient of 0.89, exceeding
all alternatives (Scheme B: 0.84; Scheme C: 0.94; Scheme D: 0.58; Scheme E: 0.62). Instability regions
were concentrated within longitudinal ribs and the deck plate above the loaded side, again emphasizing
vulnerability near intermediate transverse beams. In contrast, rectangular (Scheme B) and inverted T-shaped
stiffeners (Scheme D) exhibited notably lower coefficients (0.84 and 0.58, respectively) and more extensive
unstable regions, suggesting increased susceptibility to deformation or failure under eccentric loading.

For Load Case 3, the U-rib (Scheme A) demonstrates exceptional stability with a coefficient of 1.00,
significantly outperforming other schemes (Scheme B: 0.69; Scheme C: 0.96; Scheme D: 0.42; Scheme E:
0.82). Instability predominantly occurred in the web plate of the lower chord proximal to end transverse
beams on the loaded side, especially at load-application boundaries. The markedly lower coefficients of
rectangular (Scheme B, 0.69) and inverted T-shaped stiffeners (Scheme D, 0.42) highlight their inferior
resistance to lateral deformation. The U-shaped configurations closed cross-section provides superior
torsional stiffness and constraint, effectively preventing local instability induced by lateral loads.

Collectively, the U-rib demonstrates stability coefficients 11%-138% higher than alternative designs
across loading conditions, peaking at 138% superiority under Load Case 3. This consistent quantitative
advantage underscores its efficacy in enhancing global deck stability by suppressing localized buckling mech-
anisms.

4 Study on the Optimization of U-Rib Design Parameters

This section primarily focuses on analyzing the effects of varying U-rib design parameters (such as
thickness, rib height, and flange thickness) on the mechanical properties and stability of the orthotropic steel
deck structure under different loading conditions. The aim is to provide an optimized design solution for
steel deck structures.

The geometric parameter ranges considered in this part were determined based on a statistical survey
of relevant parameters observed in various types of railway orthotropic steel deck bridges constructed
domestically. The flange thickness typically ranges from 12 to 24 mm, with 16 mm being the most commonly
used. The thickness of the U-ribs usually ranges from 6 to 10 mm, with 6 and 8 mm being the most
frequently used.
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4.1 Impact of U-Rib Thickness on the Mechanical Performance and Stability of Orthotropic Steel Deck
Structures

This part maintains all other conditions of the orthotropic steel deck constant (with a flange thickness
of 16 mm) and adjusts the U-rib thickness to different values (4, 6, 8, 10, and 12 mm). Corresponding finite
element models are established, and a systematic comparison is made to analyze the mechanical performance
and stability of the orthotropic steel deck under Load Case 1 (when the deck is subjected to a vertical
uniformly distributed load) for different U-rib thicknesses. The stress and deflection variations of the deck
system components under Load Case 1 are shown in Figs. 9 and 10.
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Figure 9: Vertical deflection curve at the center of the intermediate span of the deck plate
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Figure 10: Longitudinal stress at the bottom plate of the U-rib’s lower flange
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Parametric analysis reveals that while U-rib thickness variations minimally influence deck plate vertical
displacement under constant flange thickness, they significantly modulate longitudinal stress distributions.
The most substantial stress reduction occurs within the 4-6 mm thickness range, where a 2 mm increase
yields a pronounced 10% decrease in longitudinal stress at critical locations, equating to approximately 3%
reduction per 1 mm thickness increment, demonstrating optimal stress-reduction efficiency. Beyond this
threshold, the efficacy diminishes progressively: a 6% reduction occurs at 6-8 mm, declining to 4% at 8-10
mm and further to 3% at 10-12 mm. This nonlinear relationship indicates that stiffness enhancement delivers
significant stress mitigation (<6 mm) but transitions to marginal returns at greater thicknesses (>8 mm),
where further increases yield negligible structural benefits.

The normalized stability coefficient curves of the deck system under three loading conditions are
presented in Fig. 11. With the flange thickness held at 16 mm, the stability coefficient of the deck system
gradually increases as the U-rib thickness increases. Notably, when the U-rib thickness increases from 4
to 6 mm, a significant increase in the stability coeflicient is observed. However, as the U-rib thickness
further increases, the rate of increase in the stability coefficient gradually diminishes, indicating that at larger
U-rib thicknesses, the improvement in structural stability levels off. Therefore, selecting an appropriate U-rib
thickness is crucial for enhancing the stability of the deck system, as excessively large thickness increases may
lead to diminishing returns. In optimizing the design, it is essential to consider the load types and structural
requirements comprehensively.
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Figure 11: Normalized stability coeflicient under different loading conditions

4.2 Impact of Flange Thickness on the Mechanical Performance and Stability of Orthotropic Steel Deck
Structures

In this study, considering the impact of flange thickness on the mechanical performance of orthotropic
steel decks, the U-rib thickness of 8 mm and U-rib height of 280 mm were maintained. The flange thickness
was varied to 12, 14, 16, 18, and 20 mm, and different finite element models were established under three
loading conditions for comparative analysis. The following analysis is based on the performance under Load
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Case 1 and covers the distribution of vertical deflection, longitudinal stress, and transverse stress in the
deck plate.

Fig. 12 shows the transverse distribution of the vertical displacement at the center of the deck plate
under Load Case 1. A noticeable reduction in vertical displacement is observed as flange thickness increases,
demonstrating that deck plate stiffness is improved and vertical deformation is effectively suppressed under
vertical loading. The most significant displacement reduction is achieved when the thickness is increased
from 12 to 14 mm. For thicker plates (16, 18, and 20 mm), the reduction rate gradually decreases, indicating
that the influence of flange thickness on vertical deflection is diminished.
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Figure 12: Transverse distribution of vertical displacement

Fig. 13 presents the longitudinal stress distribution of the U-rib upper and lower flanges under varied
flange thicknesses. A progressive decrease in longitudinal stress is observed in both flange thickness
increases, confirming that structural stiffness is enhanced and flange stress concentrations are reduced.
Critically, stress reduction in the upper flange (Fig. 13a) demonstrates significantly higher sensitivity to deck
plate thickness changes compared to the lower flange (Fig. 13b), with approximately 1.5 times greater stress
reduction magnitude when the thickness is increased from 12 to 20 mm.

In addition, Fig. 14 shows the transverse distribution of longitudinal stress at the top of the center deck
plate and the center of the upper flange of the intermediate transverse beam, respectively. As the deck plate
thickness increases, both the longitudinal and transverse stress distributions show a decreasing trend. This
indicates that a thicker deck plate effectively improves the lateral stiffness of the structure, reducing the stress
under lateral loading and preventing stress concentration. In summary, increasing the deck plate thickness
can effectively improve the distribution of both longitudinal and transverse stresses, enhancing the stability
of the deck system, particularly when the thickness is increased in the early stages, where the improvement
is most significant.



Struct Durab Health Monit. 2025;19(5) 1383

< =
a9 a9
) =
< <
% ~10+ 2
g g
17} n

—~15 4

=20

——— T=20 ——T=20
T T T T -10 T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Bridge deck coordinate (m) Bridge deck coordinate (m)
(a) (b)

Figure13: Longitudinal distribution of longitudinal stress in the U-rib. (a) Upper flanges of the U-rib; (b) Lower flanges
of the U-rib

10 -10
04} -20
U L =304 N\l
—104 W\ |
= <
= =
c < 404
2 204 2
g g
%) 17}
=504
=30
—60 4
-40 T T T T T T T T T T
-6 -6 -4 -2 0 2 4 6
Bridge deck coordinate (m) Bridge deck coordinate (m)
(a) (b)
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The relationship between normalized stability coefficients and deck flange thickness under three loading
conditions is illustrated in Fig. 15. An increasing trend in normalized stability coefficients is observed across
all loading conditions as flange thickness increases, confirming that structural stability is enhanced by
thicker flanges. Specifically, when thickness rises from 12 to 20 mm, stability coeflicients exhibit progressive
improvement, demonstrating that increased plate thickness improves load resistance and structural stiffness.

Quantitative analysis reveals distinct enhancement rates across loading conditions: under Load Cases
1 and 2, stability coeflicients increase by 41.4% (12 to 16 mm), 15.3% (16 to 20 mm), 7.9% (20 to 24 mm),
and 7.4% (24 to 28 mm) for successive 4-mm thickness increments; corresponding increases for Load Case3
measure 34.8%, 19.2%, 16.5%, and 15.0% over the same thickness intervals.
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Figure 15: Normalized stability coefficient under different loading conditions

It is worth noting that the most significant stability improvements occur below 16 mm thickness. Beyond
this threshold, substantially diminished returns are observed—enhancement rates decrease by 80% for Load
Cases 1-2 and 57% for Load Case 3 when comparing initial and final increments. This nonlinear response
indicates that stability gains plateau above 16 mm thickness. Consequently, a flange thickness of 16 mm is
identified as the optimal design parameter, balancing maximal stability enhancement with material efficiency
across all loading conditions.

5 Conclusions

This study comprehensively evaluated the mechanical performance of orthotropic steel decks (OSDs)
employing various longitudinal stiffener configurations (U-shaped, rectangular, T-shaped) under critical
loading conditions (vertical uniform, vertical eccentric, lateral uniform). Key findings and their implications
are summarized as follows:

While displacement and stress levels exhibited negligible variation across stiffener types under the
applied loads, U-rib demonstrated distinct stability advantages. Their closed-section geometry imparted
significantly higher torsional rigidity, resulting in up to 138% greater stability coefficients compared to
open-section alternatives (rectangular, T-rib) under lateral loading conditions.

Increasing U-rib thickness minimally influenced overall deck displacement; however, longitudinal
stresses in both the deck plate and the U-rib bottom flange decreased, though the stress reduction rate
diminished considerably beyond a threshold of 6 mm. Similarly, stability coefficients under vertical and
eccentric loads increased with thickness, but the rate of improvement slowed significantly beyond 6 mm,
while lateral load stability was largely unaffected by thickness variations.

Increasing flange thickness reduced deck plate displacement and longitudinal stress, while U-rib bottom
flange stress remained relatively stable. The most pronounced reductions in displacement occurred within
the 12-16 mm range. Beyond 16 mm, further increases yielded only marginal improvements in both
displacement and stress reduction. Stability coeflicients increased across loading conditions, but the rate of
gain markedly slowed beyond 18 mm.
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The parametric analysis reveals clear thresholds for optimizing structural efficiency. U-rib thicknesses
exceeding 6 mm and deck flange thicknesses beyond 16 mm provide diminishing returns in performance
enhancement relative to the associated increases in material usage and fabrication complexity. Consequently,
targeting a U-rib thickness of approximately 6 mm and limiting the deck flange thickness to 16 mm
represents a structurally effective and materially economical design strategy, as validated through application
in projects like the Qingshuiping Bridge. The inherent stability superiority of U-ribs confirms their status
as the preferred solution for bending-dominant bridge decks under typical vertical loading regimes. Future
work should extend this framework to incorporate axial-flexural interactions relevant to cable-stayed or
suspension bridges.
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