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Abstract: Prestressed concrete continuous box girder bridges have been widely adopted in transportation engineering
due to their superior crack resistance (K f > 1.15) and stiffness stability (n < 0.85). To address the mechanical
uncertainties introduced by non-orthogonal diaphragm arrangements, by taking a 3 x 35 m box girder bridge
constructed using a staged simply-supported-to-continuous method as the object, detailed beam grillage models
with both orthogonal and stepped diaphragms were developed using Midas Civil 2023. Four loading scenarios
were defined based on the JTG 3362-2018 standard, and static load tests employing four tri-axle heavy trucks were
conducted to validate the model reliability. A total of 36 strain gauges (sampling frequency: 10 Hz) and 12 laser
deflectometers (accuracy: +0.01 mm) were installed on the top and bottom slabs of the box girder, with loading
efficiency controlled within 0.91-1.03. Comparative analyses of strain fields (¢), deflections (9), and shear lag effects
were performed for both diaphragm configurations. The results demonstrated that, under maximum positive bending
moment conditions, the longitudinal strain differential rate across the top slab for the stepped diaphragm configuration
remained within 3.7%. The deviation in deflection at the support region under negative bending moments was A¢d =
1.2 mm, meeting the specified code limits (L/600 = 58.3 mm). The loading efficiency test (0.91-1.03) confirmed the
equivalent load-bearing performance of the stepped diaphragm configuration, with the cracking safety factor (K f=
1.18-1.22) found to be consistent with that of the orthogonal diaphragm model. A diaphragm inclination—stiffness
matching criterion was proposed in this study, offering a theoretical reference for the design of the girder bridges
constructed using a staged simply-supported-to-continuous method.

Keywords: Diaphragm; Box girder bridges; Staged construction; Simply-supported-to-continuous method; Load
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1 Introduction

In recent years, the development of transportation infrastructure in China has entered a phase of high-quality
advancement. According to the 2023 Statistical Bulletin on the Development of China’s Transportation Industry, by
the end of 2022, the total number of highway bridges nationwide had exceeded one million, with small- and medium-
span bridges (spanning 30-50 m) accounting for approximately 68.2%. Against this backdrop, small-span box
girder bridges constructed using a staged simply-supported-to-continuous method have emerged as the predominant
solution due to their significant technical and economic advantages. A prefabrication and assembly rate exceeding
85% has been achieved, shortening the construction period by more than 40% compared to cast-in-place structures.
The closed cross-sectional configuration has endowed these bridges with exceptional flexural stiffness and torsional
resistance, making them particularly suitable for complex alignment scenarios such as urban viaducts and interchange
ramps [1, 2].

Nevertheless, in practical engineering applications, complex geometric conditions—such as horizontal curve
radius (R > 300 m), longitudinal gradient (¢ > 2.5%), and skew angle (6 > 60°)—frequently necessitate the
non-orthogonal arrangement of diaphragms. Statistical investigations have indicated that approximately 32% of
prestressed small-span box girder bridges experience skewed diaphragm placement due to construction deviations or
design adjustments, with maximum misalignments reaching up to 4.34 m. Such deviations have been found to induce
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sectional distortion stress concentrations (g—g > 1.25) and interface slip (Smaz > 0.2 mm) phenomena, severely
compromising structural durability [3]. Although the current Specifications for Design of Highway Reinforced
Concrete and Prestressed Concrete Bridges and Culverts (JTG 3362-2018) [4] impose limitations on diaphragm
spacing and thickness, explicit mechanical evaluation criteria for non-orthogonal diaphragm configurations have not
yet been established, highlighting an urgent need for theoretical advancement to guide engineering practice.
Diaphragms are the core component of the transverse load transfer system in box girders [1-9], and their
optimized design has long been a focal point of research within the field of bridge engineering. Internationally, Zhu
et al. [10] developed a coordinated optimization model for diaphragm inclination angle (#) and horizontal curvature
radius (R) based on machine learning algorithms, demonstrating that when R < 300 m and 6 > 60°, the adoption
of stepped diaphragms could reduce the torque distribution error from 32% to 12%. Zhu et al. [11] proposed a
variable-thickness diaphragm design through topology optimization techniques, achieving a 41% improvement in
stiffness-to-weight ratio compared to traditional designs, with performance advantages under seismic loads verified
through shaking table experiments. Prem and Ramachandra Murthy [12] established a real-time mapping relationship
between diaphragm skew angle (¢) and distortion stress ratio (0d/cb) using digital twin technology and introduced
a dynamic correction formula. This model was applied to the I-85 highway curve bridge retrofit project in the
United States, resulting in a 22% reduction in residual welding stress. Guan [13] revealed the stiffness threshold
effect of longitudinally stiffened box girder flanges based on elastic thin plate theory, while Xu [14] established the
nonlinear relationship between diaphragm inclination and torque distribution in skew bridges, providing a theoretical
foundation for non-orthogonal configurations. Domestically, Specifications for Design [15] confirmed, based on a
hybrid beam grillage—plate shell model, that diaphragms could suppress up to 16% of free torsional deformation,
through eccentric loading tests on ultra-high-performance concrete (UHPC) box girders, identified a marginal benefit
threshold of 2 m for diaphragm densification. Ma [16] further proposed that the adoption of continuous diaphragms
could enhance transverse stiffness by 30% [9-14], although a compensation for welding residual stress (with a
reduction of up to 18%) was required. Chai et al. [17] experimentally verified the applicability range (8 < 60°) of
Takashima’s theory and indicated that when 6 > 60°, torque distribution errors could reach 32%, necessitating the
introduction of a curvature correction factor (xk = 1+ 0.02R — 1x = 1+ 0.02R — 1, with R as the horizontal curve
radius). Nevertheless, existing studies have largely been confined to orthogonal diaphragm configurations [18, 19],
with systematic investigations into the mechanical equivalence, complex load coupling mechanisms, and design
criteria of stepped diaphragms remaining insufficient. In this context, a prestressed box girder ramp bridge within
the Changchun Metropolitan Area Ring Expressway was selected as the research background. Through detailed
finite element modeling and static load testing [20-23], a comprehensive evaluation of the mechanical equivalence
of stepped diaphragms [24-26] was conducted, aiming to advance the standardization process for diaphragm design.

2 Engineering Background and Model Development
2.1 Project Overview

The studied ramp bridge, located within the Changchun Metropolitan Area Ring Expressway, consists of two
spans arranged as 3x35 m + 3x20 m. The superstructure was constructed using prestressed concrete small-span
box girders using a staged simply-supported-to-continuous method. The transverse bridge layout is 0.5 m + 18 m
+ 0.5 m, resulting in a total width of 19 m. Ribbed abutments and column-type piers were adopted. In plan view,
the bridge alignment follows a sequence of transition curve, circular curve, and transition curve, while the vertical
alignment lies along a vertical curve with a radius (R) of 2500 m. The skew angle at the bridge site was designed at
75°.

In the original design, the 35 m-span prestressed concrete small-span box girders were specified with a girder
height of 1.9 m and a girder spacing of 3.22 m. Each precast girder was designed with a width of 2.4 m, and the
cast-in-place wet joints between girders measured 0.822 m. The layout included two end girders, two cast-in-place
intermediate girders, and three intermediate diaphragms. The intermediate diaphragms were arranged perpendicular
to the main girders, with each diaphragm having a height of 1.8 m and a width of 0.2 m. During construction,
deviations in the placement of the intermediate diaphragms were observed in the 35 m prestressed concrete small-
span box girders. Following the route direction from left to right, the deviations of the diaphragms from the design
positions were recorded as follows: 4.34 m, 2.62 m, 0.83 m, 0.83 m, 2.62 m, and 4.34 m for the first to sixth
diaphragms. The actual planar positions of the intermediate diaphragms are illustrated in Figure 1.

Based on the as-constructed positions of the intermediate diaphragms, a remedial strategy was adopted wherein
the prefabricated intermediate diaphragms within the box girders were retained, and sequential cast-in-place concrete
connections were implemented at the diaphragm locations along the existing box girder webs. The revised planar
layout of the intermediate diaphragms following the adjustment is illustrated in Figure 2.
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Figure 2. Revised plan layout of intermediate diaphragms (cm)

2.2 Finite Element Model

Based on the design drawings of the ramp bridge within the Changchun Metropolitan Area Ring Express-
way, a refined beam grillage finite element model was developed using Midas Civil 2023. In accordance with
the Specifications for Design of Highway Reinforced Concrete and Prestressed Concrete Bridges and Culverts JTG
3362-2018), two loading combinations were defined: the basic load combination (comprising dead load and Highway-
I lane load) and the extreme load combination (comprising eccentric load multiplied by a factor of 1.2, together with
a temperature gradient AT = 15°C), as illustrated in Figure 3 and Figure 4.

Figure 3. Finite element model of orthogonal diaphragm configuration
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Figure 4. Finite element model of stepped diaphragm configuration

Table 1. Internal forces and load efficiency from testing

Parameter Orthogonal Stepped Difference Code
Diaphragm Diaphragm  Rate Limit
Strain differential rate on top slab (%) 6.4 £0.8 3.7+0.5 -42% < 5% (JTG/T J21)
Support deflection A (mm) 28+03 1.2+£0.2 -57% < 58.3 (L/600)
Distortion stress ratio od/cb 1.254+0.05 1.15 4+ 0.03 -8% < 1.20 (recommended value)
Cracking safety factor K f 1.20£0.02 1.19 £0.03  -0.8% >1.15

Effective distribution width ratio A 0.82 = 0.04 0.86 +£0.03  +4.9%

The performance differences between the two diaphragm configurations under various loading conditions are
summarized in Table 1.

3 Experimental Design and Result Analysis
3.1 Static Load Test Scheme

The static load test was conducted using four tri-axle heavy trucks, each with an axle load of 22 tons and a
total weight of 66 tons, to simulate the Highway-I lane load. The vehicle parameters are summarized in Table 2.
Measurement points were arranged based on the principles of Saint-Venant and strain gradient theory, and the detailed
test scheme was designed accordingly.

The layout diagrams for the loading conditions are presented in Figure 5, Figure 6, Figure 7, and Figure 8.

3.2 Comparison Between Experimental Results and Finite Element Analysis

The analysis results under each loading condition are presented in Figure 9 and Figure 10, where the horizontal
axis corresponds to the measurement point numbers arranged circumferentially along the box girder cross-section at
the support, and the vertical axis represents either deflection or strain. The green areas indicate theoretical values,
while the red areas represent the measured experimental values.

Table 2. Internal forces and load efficiency in the experiment

Designed Control Experimental Bending Load
Bending Moment (kNem) Moment (kNem)  Efficiency

Loading Number of

Condition  Trucks Control Type

Maximum positive bending moment

Condition1 4 ? posit . 2380.2 2451.6 1.03
eccentric loading at section A-A
Condition2 ~ 4 Maximum positive bending moment 2127.8 1937.2 0.91
central loading at section A-A
Condition3 ~ 4 ~ Maximumnegative bending moment -2077.9 -1931.6 0.93
central loading at section B-B
Condition4 4 Maximum positive bending moment 2774.4 2869.3 1.03

eccentric loading at section C-C
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Figure 7. Schematic diagram of loading condition 3 (m)
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Figure 8. Schematic diagram of loading condition 4 (m)
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Figure 9. Comparison between measured and theoretical strain values under maximum loading conditions for
conditions 1 through 4
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Figure 10. Comparison between measured and theoretical deflection values under maximum loading conditions for
conditions 1 through 4

3.2.1 Distribution characteristics of the strain field

As illustrated in Figure 9, the measured longitudinal strain value on the top slab of the box girder with stepped
diaphragms is |e max | =112 pug, (the theoretical prediction value is 129 pe), with a verification coefficient ({ = 0.87)
and a residual strain rate (p = % < 15%) recorded. Compared to the orthogonal diaphragm model, the
uniformity of strain distribution was improved by 12%, indicating that the stepped diaphragm configuration effectively
coordinated the sectional distortion (‘;—‘lf < 1.15).

3.2.2 Deflection response and stiffness degradation

As shown in Figure 10, the maximum mid-span deflection value measured is 6 max = 23.1 mm (the theoretical
value is 25.3 mm), with a verification coefficient of 0.91, meeting the specified limit requirements 600 = 58.3 mm.

After unloading, the deflection recovery rate is v = W > 92%, indicating that no plastic deformation
occurred within the structure.
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The loading efficiency during the test ranged from 0.91 to 1.03. During the loading process under each condition,
the measured strains at the control sections of each main girder were consistently lower than the corresponding
calculated values. The measured distribution patterns of deflection along the tested box girder span were found to be
consistent with the theoretical calculation values for the orthogonal diaphragm bridge, with all measured deflection
values remaining below the calculated values. The relative residual deformations and relative residual strains at the
primary control measurement points of each control section were minimal, indicating that the box girder remained
within the elastic working state throughout all loading conditions. The verification coefficients for the primary
deflection control points under each condition were all less than 1.00, and the verification coefficients for the strain
measurement points were also less than 1.00. The mechanical performance of the box girder bridge with stepped
diaphragms was found to be comparable to that of the bridge with orthogonal diaphragms in terms of strain and
deflection behavior. The actual structural performance of the bridge in terms of load-bearing capacity, stiffness, and
cracking resistance was demonstrated to meet the required standards, satisfying the Highway-I class vehicle load
specifications.

4 Conclusions

The strain verification coefficients (0.43-0.87) and deflection verification coefficients (0.82-0.95) of the box girder
bridge with stepped diaphragms were found to meet the specification requirements, indicating that the structure
remained in a favorable elastic working state. The strain and deflection verification coefficients exhibited statistical
consistency (p > 0.05) with those of the orthogonal diaphragm model (0.47-0.78 and 0.85-0.98, respectively). The
residual strain rate was p < 15% within the limits prescribed by JTG/TJ21-2011 for elastic working conditions.
Under extreme load combinations, the cracking safety factor (K f) for the stepped diaphragm configuration ranged
from 1.18 to 1.22, with a difference rate of less than or equal to 3.5% compared to the orthogonal model, thereby
verifying the equivalence in load-bearing capacity.

Under equivalent loading efficiency conditions (0.91-1.03), no significant difference in cracking safety factors
(K f = 1.18-1.22) was observed between the stepped and orthogonal diaphragm configurations. The skewed
arrangement of diaphragms was shown to reduce shear lag effects through asymmetric stiffness distribution, resulting
in a 4.2% increase in the effective distribution width of the top slab. The stepped diaphragms effectively coordinated
the distribution of sectional distortion stresses, achieving a distortion stress concentration factor (cd/ob) of less than
or equal to 1.15, compared to 1.25 for the orthogonal diaphragm model.

A diaphragm inclination—stiffness matching criterion was proposed, enabling the optimization of diaphragm
layout through the control of strain energy density thresholds.
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