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ABSTRACT: Ultra-high performance concrete (UHPC) exhibits exceptional mechanical properties and durability,
making it highly suitable for infrastructure applications. This paper presents the design and evaluation of an innovative
steel frame-UHPC composite deck intended for temporary trestles subjected to heavy construction loads and corrosive
environments. The mechanical performance of the proposed composite deck was investigated through advanced finite
element modeling and full-scale experimental testing. Structural responses of the trestle structure equipped with the
composite deck under a 150-t crawler crane were analyzed numerically, while a three-point bending test on a full-scale
steel frame-UHPC composite deck determined its flexural capacity and failure mechanisms. Stress distribution and
deformation under bending loads were examined using calibrated numerical models and experimental data. Moreover,
a parametric study was performed to assess the influence of key design variables. Results indicate that the steel frame-
UHPC composite deck achieved an ultimate mid-span bending moment of 271.6 kN⋅m. Crack propagation in the UHPC
panel of the composite deck was characterized by multiple, progressive cracks, demonstrating favorable ductility and
early-warning capacity of the deck system. These findings confirm that the steel frame-UHPC composite deck offers
high load-bearing capacity, flexural ductility, and favorable durability, supporting its use in heavy-duty trestle bridges
and corrosive environments.
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1 Introduction
The rapid development of transportation and municipal engineering has increased the demand for

temporary and semi-permanent structures with enhanced performance. Construction trestle decks, as
primary load-bearing components during bridge erection, are essential for ensuring safety, durability, and
cost efficiency [1,2]. However, conventional trestle decks made of steel or normal concrete (NC) face
significant challenges. Steel decks, while strong and lightweight, often generate excessive noise and are
susceptible to corrosion, resulting in high maintenance costs [3,4]. NC decks, in contrast, have low tensile
strength and high self-weight, which restrict span length and structural efficiency. Under repeated heavy
loads, both types are prone to premature cracking and stiffness loss, compromising safety and service life
[5–8]. The development of advanced trestle deck systems that integrate strength, toughness, durability, and
economic viability remains a critical concern in modern bridge engineering.
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Ultra-high performance concrete (UHPC) has recently received significant attention due to its out-
standing compressive and tensile strengths, high toughness, and exceptional durability [9–13]. These superior
properties have facilitated the wide adoption of UHPC in bridge deck constructions [14–18]. For example,
Fayed et al. [19] investigated composite decks with a UHPC sub-layer and a NC top layer joined by steel
connectors, demonstrating that UHPC-NC composite decks possess significantly higher ultimate resistance
than conventional NC decks. Similarly, Shao et al. [20] developed a composite deck system incorporating
UHPC panels with closely spaced ribs, resulting in reduced self-weight, increased sectional stiffness, and
improved crack resistance. Despite these advancements, most existing studies have focused on solid UHPC
decks for permanent bridges, and research on UHPC-based decks for temporary construction trestles is
limited [21–24]. While UHPC deck solutions have the potential to address the shortcomings of traditional
trestle decks, a systematic investigation of their failure mechanisms, modular design, and ability to withstand
heavy construction equipment loads remains necessary.

This study introduces a novel trestle deck made from UHPC featuring a prefabricated modular design
with a steel frame and hollow-panel configuration, specifically for temporary construction trestles. The
hollow UHPC panel, which includes embedded multi-holes, enables lightweight construction while ensuring
high load-bearing capacity, addressing the limitations of conventional steel and concrete decks. To investigate
the failure mechanisms and ductility of the composite deck, the research involved numerical simulations and
experimental tests. A 12 m-long construction trestle bridge with prefabricated steel frame-UHPC composite
decks was modeled to evaluate structural responses under four loading scenarios from a 150-t crawler crane.
Following this, a full-scale model test assessed load-deflection response, crack development, and ultimate
load-bearing capacity. Based on these results, a validated nonlinear solid finite element (FE) model was
developed, along with a parametric analysis exploring the effects of factors like material properties and
structural configuration on performance. The findings provide a solid theoretical foundation and practical
design guidelines for applying steel frame-UHPC composite decks in heavy-duty, port, and corrosive
construction environments.

2 Numerical Simulation of Trestles with Steel Frame-UHPC Composite Decks

2.1 Background Construction Trestle Bridge
2.1.1 Arrangement and Configuration

As shown in Fig. 1, the background construction trestle consists of six prefabricated steel frame-UHPC
composite decks positioned above ten standardized Bailey steel trusses. This assembly forms a simply
supported beam structure with dimensions of 12.0 m in length, 8.0 m in width, and 1.5 m in depth,
representative of temporary trestles commonly used in bridge erection projects. The 8.0 m deck width is
selected to satisfy standard traffic requirements and ensure the unimpeded passage of construction vehicles.
For example, a 150-t crawler crane has an outer edge distance of 7.1 m; thus, the 8.0 m-wide deck fully supports
its track loads while maintaining an approximate 0.45 m margin on each side for guardrail installation. The
substructure of Bailey steel trusses is fabricated from Q345 steel links and assembled with bolted connections,
arranged beneath the composite decks. The prefabricated composite deck consists of a reinforced, multi-
hole hollow UHPC panel with steel frames along the side edges. The steel frames are manufactured from
standard Q345 steel channels, and the hollow panels are cast from UHPC with a target compressive strength
of 120 MPa. Prefabricated UHPC panels are connected both to the Bailey steel trusses and to adjacent panels
via steel bolts.



Struct Durab Health Monit. 2026;20(4):12 3

Figure 1: Arrangement and configuration of investigated trestle (Unit: m).

2.1.2 Details of Steel Frame-UHPC Composite Deck
Fig. 2 presents the details of the prefabricated steel frame-UHPC composite deck. The prefabricated

composite deck measures 2.0 m in length, 8.0 m in width, and 0.1 m in thickness. The UHPC panel features
several circular voids positioned at mid-height, each with a diameter of 34 mm and spaced at 33 mm intervals.
Two layers of steel reinforcement are placed near the top and bottom edges of the holes. The longitudinal and
transverse reinforcements have diameters of 8 and 10 mm, with spacing of 50 and 100 mm, respectively, and all
reinforcements are of HRB400 grade. The concrete cover thickness is 17 mm on the top surface and 15 mm on
the bottom. Steel frames are incorporated along the side edges of the UHPC panel, serving both as permanent
formworks during concrete pouring and as lateral restraints. The total self-weight of a steel frame-UHPC
composite deck is approximately 24 kN, which facilitates easy assembly during trestle construction.

Figure 2: Configuration of steel frame-UHPC composite deck (Unit: mm).

2.2 Simulation of Trestle Structure
2.2.1 FE Model Establishment

A linear elastic FE model of the described trestle was developed utilizing MIDAS/CIVIL 2017, as shown
in Fig. 3. The Bailey steel trusses were modeled using 1202 linear elastic link elements, while the composite
deck panel was represented with 500 beam elements. The connections between the link and beam elements
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were idealized as linear spring elements with a stiffness of 200 kN/mm, determined from bolt shear tests and
in accordance with the Chinese design code GB 50017-2017 [25].

Figure 3: FE model of trestle with steel frame-UHPC composite deck.

The lengths of the link elements were established based on the actual dimensions of each steel truss,
while the lengths of the beam elements for the UHPC panel were dictated by the connections between the
UHPC panel and the Bailey steel trusses, as depicted in Fig. 1. The modeling approach adopted linear elastic
representations for both the steel and UHPC materials. The mechanical properties of the materials are as
follows: Q345 steel exhibits a yield strength of 386 MPa, an elastic modulus of 201 GPa, and a Poisson’s ratio
of 0.3. The HRB400 reinforcement possesses a yield strength of 408 MPa, an elastic modulus of 200 GPa, and
a Poisson’s ratio of 0.3. The UHPC demonstrates a compressive strength of 125 MPa and an elastic modulus
of 45 GPa.

The global coordinate system was defined such that the x-, y-, and z-axes correspond to the length,
width, and depth of the trestle, respectively. Simple support boundary conditions were implemented by
restraining the nodes at one end of the trestle in the x, y, and z directions. At the opposite end, the nodes
were restricted solely to the y and z directions, while rotational degrees of freedom were left unrestrained
along all axes.

To assess the structural performance of the trestle system featuring the developed steel frame-UHPC
composite deck, four representative loading scenarios were investigated using FE analysis. These scenarios
were designed to capture the loading effects of a 150-t crawler crane, a typical piece of equipment in bridge
construction. The crawler crane has an outer edge distance of 7.1 m, a track length of 7.0 m, and a track
width of 0.2 m. As illustrated in Fig. 4, the crawler tracks are assumed to be positioned symmetrically relative
to the bridge axis, with four composite deck panels in contact with the tracks. Load Case 1 models the
crane in an unloaded configuration with a self-weight of 50 kN. Load Cases 2, 3, and 4 simulate the crane
under full loading conditions, corresponding to a total weight of 1500 kN, with the boom oriented in the
lateral, longitudinal, and most unfavorable directions, respectively. This comprehensive approach facilitates
an evaluation of the trestle’s behavior under critical construction loading conditions. The load was applied
as uniformly distributed loads on the contact area between the crawler tracks and the composite deck,
consistent with the actual stress state of the trestle during crane operation.
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Figure 4: Schematic diagram of load cases (Unit: kN/m).

2.2.2 Result and Discussion
Table 1 presents a summary of the simulation results derived from the aforementioned trestle analytical

models. Under all working conditions, the stresses in the steel frame-UHPC composite deck consistently
remain within the allowable strength limits of the materials, ensuring the structural safety of the trestle under
applied loads. The most critical scenario arises under Load Case 4, which results in a maximum bending
moment of 146.8 kN⋅m, a maximum compressive stress of 44.9 MPa, a maximum tensile stress of 12.1 MPa,
and a maximum deflection of 40.4 mm in the deck panel. It should be noted that the maximum tensile stress
exceeds the allowable tensile stress of UHPC, which is attributed to the local stress concentration under the
most unfavorable load direction; however, the steel reinforcement and steel frame in the composite deck can
effectively bear the tensile force, preventing further crack development and structural failure.

Table 1: Simulation results.

Bending Moment
(kN⋅m) Tensile Stress (MPa) Compressive Stress (MPa) Displacement

(mm)
Case 1 16.3 2.7 4.9 6.1
Case 2 72.2 9.1 21.9 27.1
Case 3 111.5 11.4 34.1 24
Case 4 146.8 12.1 44.9 40.4

Fig. 5 presents the distributions of bending moment, nominal stress, and flexural displacement in the
steel frame-UHPC composite decks under Load Case 4. An analysis in conjunction with Fig. 4 indicates
that the most critical region of the UHPC panel for this load case is predominantly situated beneath
the crawler track at the corner, while stresses in other regions of the panel remain consistently low. This
observation implies that there is a sufficient safety margin for the overall integrity of the trestle structure. The
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maximum deflection recorded under Load Case 4 is substantially below the permissible limit, confirming
that the composite deck meets the stiffness criteria for temporary trestle applications. Moreover, the stress
distribution within the steel frame is uniform, with no evidence of local buckling or significant stress
concentrations. This finding further validates the effectiveness of the steel frame as a lateral restraint and
load-bearing component.

(a) (b) (c)

Figure 5: Simulation results for UHPC panel under Load Case 4 (a) bending moment; (b) stress; (c) displacement.

3 Model Test of Steel Frame-UHPC Composite Decks

3.1 Specimen Preparation
3.1.1 Materials

To examine the structural performance of the proposed steel frame-UHPC composite deck under
critical loading conditions, a full-scale composite slab was fabricated according to the dimensions shown
in Fig. 2. The UHPC employed in this experimental test was a commercially available mix, consisting of
Portland cement (P⋅O 52.5R), silica fume (specific surface area ≥ 20,000 m2/kg), quartz sand (particle size
0.1 to 0.6 mm), a polycarboxylate-based high-range water-reducing admixture (water reduction rate ≥ 30%),
and straight steel fibers with a diameter of 0.2 mm and a length of 13 mm. The steel fiber volume fraction
was 2%, and the water-binder ratio was 0.22. The 28-day compressive strength of standard cubes (100 mm ×
100 mm × 100 mm) was measured at 125 MPa, with a corresponding cylinder compressive strength (100 mm
× 200 mm) of 98 MPa and an elastic modulus of 45 GPa. Three standard specimens were tested for each
properties to ensure data reliability, with the average value taken as the final result.

HRB400-grade steel reinforcement was utilized, featuring a nominal yield strength of 400 MPa and an
elastic modulus of 200 GPa. Tensile tests were conducted on three reinforcement samples, yielding an average
yield strength of 408 MPa and an ultimate tensile strength of 556 MPa. The steel frame was constructed
from Q345 hot-rolled channel sections (10# channel steel), exhibiting a measured yield strength of 386 MPa,
ultimate tensile strength of 510 MPa, and elastic modulus of 201 GPa. All material properties were tested in
accordance with Chinese standard T/CECS 10107-2020 [26] and GB 50017-2017 [25], ensuring consistency
with engineering practice.

3.1.2 Specimen Fabrication
Fig. 6 shows the specimen fabrication process. The slab was fabricated in a factory according to a

standardized procedure to ensure dimensional accuracy and material uniformity. Initially, a steel frame was
prepared by cutting and welding channel-shaped steel, with a 6 mm-thick flat steel plate used to assemble
the bottom framework, thereby providing essential support during UHPC pouring. Subsequently, steel
reinforcements and PE pipes, measuring 34 mm in diameter and 1 mm in wall thickness, were installed; the
PE pipes were fixed at the mid-height of the formwork to ensure stability throughout the pouring process,
while the steel reinforcements were bound according to the specified design spacing of 50 mm longitudinally
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and 100 mm transversely, secured with tie wires. The PE pipes were retained after UHPC casting, as FE
analysis indicated they had a negligible impact on the slab’s flexural behavior. To prevent UHPC slurry from
intruding during pouring, the ends of the PE pipes were sealed with foam rubber. Following this, UHPC
was poured into the formwork, with a vibrating rod (30 mm diameter) at 2800 r/min applied to facilitate
vibration compaction and eliminate internal voids. After the pour, the UHPC surface was covered with a
plastic membrane to mitigate moisture loss. The curing process lasted 28 days under natural conditions,
with regular water spraying to maintain moisture levels and ensure complete hydration of the UHPC before
transportation to the laboratory for testing.

(a) (b)

(c) (d)

Figure 6: Illustration of specimen fabrication (a) fabrication of steel frame; (b) placement of reinforcement; (c) casting
of UHPC; (d) curing process.

3.1.3 Loading Scheme
The fabricated steel frame-UHPC composite slab underwent testing using a three-point loading system,

as shown in Fig. 7. The test setup included a rigid reaction frame, a 2000 kN hydraulic jack, and a load
distribution beam to ensure uniform load application. A vertical load was applied via the hydraulic jack,
which was connected to a displacement sensor to monitor the actuator’s displacement.

Figure 7: Test facilities arrangements.
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The loading protocol employed a force-controlled mode during the elastic stage and a displacement-
controlled mode during the post-yield stage. Before formal testing began, a preload of 20 kN was applied
to verify that the test setup, instrumentation, and specimen connections were functioning properly. This
preload was maintained for 5 min, after which the specimen was unloaded to zero to check for any initial
deformation or instrument malfunctions.

During the main loading phase, a monotonic incremental loading protocol was used. In the elastic
stage (before cracking), loads were increased in 10 kN increments at a rate of 0.2 kN/s, with each load level
held for at least 1 min to allow for stable strain and displacement responses. If the slab developed severe
cracks exceeding the allowable limit of 0.2 mm, or if significant non-linear mid-span deflection growth was
observed, the loading mode was switched to displacement-controlled, with increments of 5 mm at a rate of
0.1 mm/s. The loading process continued until the slab experienced substantial damage. During this critical
stage, each displacement increment was maintained for three minutes to monitor crack propagation and
collect stable strain data.

3.1.4 Measurement Layout
Fig. 8 shows the instrumentation layout for the test slab, including detailed specifications of the

measurement devices and their positions, ensuring clarity and reproducibility. The applied load from the
hydraulic jack was measured using a force sensor located directly beneath it, which was calibrated prior
to testing to ensure measurement accuracy. A total of eight concrete strain gauges were attached to the
specimen: four gauges were affixed to the bottom surface at the L/4 span (two on each side of the mid-
span, 20 cm from the slab edge), two gauges were placed on the bottom surface at the mid-span (evenly
spaced along the width, 1.5 m apart), and two gauges were positioned on the top surface at the mid-span
(corresponding to the bottom gauges). Additionally, three displacement transducers were installed on the
bottom surface of the slab: one at the L/4 span, one at the mid-span, and one at the 3L/4 span, to accurately
record vertical deflections. The Linear Variable Differential Transformers (LVDTs) were mounted on a rigid
support frame independent of the test setup to prevent compliance of the measuring system.

Figure 8: Measurement layout (Unit: mm).

3.2 Experimental Results
3.2.1 Failure Characteristics

Fig. 9 shows the failure state of the test slab. The UHPC slab exhibited ductile flexural failure, with local
crushing in the compression zone at mid-span, yielding of the tensile reinforcement, and flexural yielding
of the edge steel frame, all accompanied by audible failure sounds. The first fine crack appeared at the mid-
span bottom at 28.1 kN, measuring 0.03 mm wide and accompanied by the sound of steel fibers being
pulled from the matrix. As the load increased to 96 kN, this crack propagated laterally and reached the
slab’s top surface, while multiple fine cracks also developed on both sides of the primary crack. With loading
up to 112 kN, the main crack widened to 2.1 mm and several additional flexural cracks formed at the slab
bottom. At the ultimate load, the mid-span deflection reached 560 mm and the maximum compressive stress
was 104 MPa. The substantial deflection of 560 mm is primarily due to the long composite deck’s inherent
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ductile failure mechanism, which allows significant post-yield deformation. The design of the hollow panel
reduces its moment of inertia relative to that of a solid slab, thereby increasing deflection under ultimate
loads. Additionally, the experimental setup facilitated minimal constraints on rotational deformation at the
supports, contributing to the relatively large mid-span deflections under ultimate loads.

(a) (b)

(c) (d)

Figure 9: Failure mode diagrams: (a) overall bending and deflection of the UHPC slab; (b) compressive cracks at the
top of the mid-span section; (c) cracks at the slab bottom edge; (d) primary crack at slab bottom.

3.2.2 Load-Deflection Curve
Fig. 10 presents the load-mid-span deflection response of the test slab, which demonstrates a distinct

three-stage failure process, consistent with the failure characteristics observed.
Stage 1: Elastic Stage (0–28.1 kN): Extending from the onset of loading to the cracking load, the

mid-span deflection exhibits an almost linear relationship with the applied load (correlation coefficient
R2
= 0.998), indicating stable flexural behavior. The slope of the curve corresponds to the initial bending

stiffness (1434 kN/m), which is consistent with the theoretical calculation based on the section properties.
During this stage, no cracks were observed, and both UHPC and steel were in the elastic state, with strains
increasing linearly with load.

Stage 2: Elastoplastic Stage (28.1–112 kN): Spanning from steel yielding to imminent failure, this stage is
characterized by a gradual reduction in flexural stiffness as the load increases, which is attributed to UHPC
cracking, steel reinforcement yielding, and progressive damage to the UHPC matrix. The curve deviates
from linearity, and the deflection growth rate accelerates. At the yield load of 96 kN, the mid-span deflection
is 320 mm, and the tensile reinforcement begins to yield, transferring more load to the steel frame and
UHPC compression zone. During this stage, cracks propagate and widen, but the structure remains capable
of bearing additional load due to the ductility of steel and UHPC.



10 Struct Durab Health Monit. 2026;20(4):12

Stage 3: Failure Stage: A rapid escalation in mid-span deflection is observed, accompanied by the
propagation and widening of cracks, crushing of the UHPC in the compression zone, yielding of the internal
reinforcement, and eventual loss of load-carrying capacity. The load decreases gradually as the specimen
undergoes significant plastic deformation, and the deflection increases to 650 mm when the load drops
to 80% of Pu. This staged response provides clear insight into the structural performance and failure
mechanisms of the UHPC composite slab under flexural loading, confirming its ductile behavior and
safety margin.

Figure 10: Load vs. mid-span deflection curve.

3.2.3 Strain History of UHPC Panel
Fig. 11 presents the load-strain relationship for the UHPC panel, highlighting the distinct responses

occurring before and after the cracking load of 28.1 kN. Prior to reaching this critical threshold, both tensile
and compressive strains show a nearly linear increase with the applied load, which demonstrates the elastic
behavior of the UHPC panel (R2

= 0.996 for tensile strain and R2
= 0.997 for compressive strain). At the

cracking load, the tensile strain at the mid-span bottom of the panel peaks at 205 με, consistent with the
expected tensile capacity of UHPC, thereby confirming the initiation of cracking. When the load reaches
approximately 28.1 kN, the tensile strain peaks and then decreases sharply, coinciding with the appearance
of visible cracks at the mid-span bottom. This indicates that the UHPC in the tensile zone can no longer
support loads, necessitating reliance on the steel reinforcement as the primary tensile component.

In contrast, the compressive strain continues to rise steadily, as the UHPC in the compression zone
remains intact and effectively bears the compressive load. Upon further loading up to 96 kN, the compressive
strain gradually increases, reaching around 1200 με at the yield load. Beyond this yield point, the compressive
strain rises rapidly, indicating the progressive yielding of the reinforcement. At the ultimate load, the
compressive strain at the mid-span top exceeds the UHPC’s ultimate compressive strain capacity, indicating
local crushing. This sequenced response elucidates the structural performance and failure mechanisms under
flexural loading, aligning with the observed load-deflection curve and the various failure modes identified
in the study.
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Figure 11: Load vs. mid-span strain curve of UHPC panel.

4 Parametric Analysis of Steel Frame-UHPC Composite Deck

4.1 Establishment of FE Solid Model
A solid FE model was developed using ANSYS 2022 to identify critical design parameters for the

composite deck. The model’s coordinate system was defined with the x-axis at 8 m (width), the y-axis at 2 m
(length), and the z-axis at 0.1 m (thickness). UHPC was modeled using Solid 65 elements, channel steel with
Shell 188 elements, and steel reinforcements with Link 8 elements. A mesh size of 40 mm was chosen based
on a sensitivity study, which showed a maximum deviation of less than 2.5% in ultimate load between 30 and
40 mm, ensuring a balance between computational efficiency and accuracy. The solid FE model of the steel
frame-UHPC composite deck is established as shown in Fig. 12.

Figure 12: Solid model of steel frame-UHPC composite deck.

The interface between the UHPC and steel was modeled with a coupling constraint. The axial behavior of
UHPC in tension and compression was evaluated using the methodologies of Naeimi and Moustafa [27] and
Savino et al. [28], respectively, with ε0 denoting the peak strain corresponding to the compressive strength
(f c). The UHPC’s compressive strength was established at 125 MPa with a peak strain of 3800 με, while
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tensile softening was calibrated using experimental cracking data, adjusting the fracture energy to 125 N/m.
The uniaxial tension behavior of steel was represented by a bilinear model, incorporating a strain hardening
modulus of 20 GPa based on tensile tests of Q345 steel and HRB400 reinforcement. The rest parameters for
the material constitutive model were determined based on the experimental results described above.

Displacement constraints were implemented to mirror the three-point loading test setup, with Dy and
Dz restrained on the left support and Dx, Dy, and Dz restrained on the right. A concentrated mid-span load
was applied incrementally to simulate monotonic loading, aligning with the experimental configuration.

4.2 Validation of FE Model
Fig. 13 presents the damage pattern of the slab in its ultimate state. As evident, the cracking distribution

and ultimate failure characteristics predicted by the FE model closely mirror those observed in the experi-
mental test, showcasing numerous laterally spreading cracks on the UHPC surfaces, along with the yielding
of both the tensile reinforcement and edge steel frames. The maximum stresses recorded in the UHPC and
steel, as derived from the FE model, are approximately 107.2 and 400 MPa, respectively. These values align
with the material’s compressive strength limit and are consistent with experimental observations, which
indicated localized crushing in the compression zone and yielding of the steel components.

Figure 13: UHPC panel crack diagram.

Table 2 presents a comparison of the numerical and experimental results. In this table, K represents
the bending stiffness; Pcr is the initial cracking load; δcr denotes the mid-span deflection at Pcr; Pu is the
ultimate load; Mu corresponds to the maximum bending moment at Pu; and δu is the maximum mid-span
deflection. The results calculated from the established FE model are in close agreement with the experimental
data, with an average relative error of 6.1%. This outcome demonstrates the reliability of the finite element
simulation. However, the prediction error for the ultimate displacement is significantly higher, reaching
18.3%. Several factors can explain this discrepancy. Firstly, the numerical model assumed an ideal bond
between the UHPC panel and the steel frame. However, in the experimental specimen, some minor interface
slip likely occurred, resulting in a higher actual displacement. Additionally, the FE model did not account for
damage to the PE pipe interfaces used to create voids within the UHPC panel, which may have contributed to
the additional deformation observed in the experiment. Lastly, the constitutive model for UHPC used in the
numerical simulation failed to accurately capture post-crushing behavior, resulting in an underestimation of
the residual deformation.
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Table 2: Mechanical properties of steel frame-UHPC composite deck.

Series K (kN/m) Pcr (kN) δcr(mm) Pu (kN) Mu (kN⋅m) δu(mm)
Experimental test 1434 28.1 19.6 112 271.6 560

Numerical simulation 1373 27.6 20.1 118.5 282.1 457.3
Relative error (%) 4.2 1.8 2.6 5.8 3.9 18.3

4.3 Assessment of Design Parameters
Based on the validated FE model, a parametric study was conducted to identify the key design

parameters for the developed steel frame-UHPC composite deck. The parameters evaluated in this section
include the thickness of the UHPC panel (80, 100, and 150 mm), the reinforcement ratio of the UHPC panel
(0.5%, 1.0%, and 1.3%), the plate thickness of the steel frame (4, 6, and 8 mm), and the compressive strength
of UHPC (120, 140, and 160 MPa).

4.3.1 Influence of UHPC Panel Thickness
The thickness of the UHPC panel is a critical parameter affecting the flexural performance of the

composite deck. Fig. 14 shows the influence of UHPC panel thickness on the flexural properties of the deck.
It is evident that the use of a thicker UHPC panel results in higher cracking load, yield load, and ultimate
resistance for the steel frame-UHPC composite deck. Specifically, increasing the panel thickness from 80 to
150 mm enhances the cracking, yield, and ultimate loads by 41.3%, 108.3%, and 96.6%, respectively. These
improvements can be attributed to the direct increase in the sectional moment of inertia and the height
of the compression zone caused by a thicker UHPC panel, thereby improving the bending resistance of
the section. Furthermore, a thicker UHPC slab distributes loads more effectively, delays crack propagation,
and improves structural ductility. In contrast, reducing the slab thickness results in a significant decrease in
sectional stiffness and an insufficient compression zone area, making the section susceptible to early crushing
and reducing the load-bearing capacity.

Figure 14: Influence of UHPC panel thickness.
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4.3.2 Influence of Longitudinal Reinforcement Ratio
Fig. 15 plots the flexural performance of steel frame-UHPC composite decks with reinforcement ratios

varying from 0.5% to 1.3%. It is observed that an increase in the longitudinal reinforcement within the UHPC
panel does not substantially influence the cracking load of the composite deck. Nonetheless, significant
enhancements are observed in both the yield and ultimate load capacities. Specifically, relative to the panel
with a 0.5% reinforcement ratio, the yield loads for panels with reinforcement ratios of 1.0% and 1.3% are
elevated by 72% and 106.4%, respectively, while the corresponding increases in ultimate resistance reach
80.3% and 118.2%, respectively. These results are consistent with theoretical expectations, as an increased
reinforcement ratio expands the total area of tensile steel bars, thereby augmenting the tensile force capacity
at yield and improving the section’s flexural resistance. Moreover, insufficient reinforcement ratios diminish
the crack-bridging capacity of the steel bars, leading to more rapid crack width development, reduced
structural ductility, and an increased propensity for brittle failure.

Figure 15: Influence of reinforcement ratio.

4.3.3 Influence of Steel Frame Thickness
Serving as the edge restraint in the steel frame-UHPC composite deck, the steel frame plays a crucial

role in maintaining the integrity, local stability, and torsional performance of the composite deck system.
A reduction in the steel frame thickness may diminish the effectiveness of composite action between the
UHPC panel and steel frame, potentially resulting in local buckling. Fig. 16 compares the flexural properties
of composite decks with varying steel frame plate thicknesses. It is evident that increasing the plate thickness
enhances the flexural performance of the composite decks. Compared to the deck utilizing a 4 mm-thick
steel plate, the cracking, yield, and ultimate loads of the deck with a 6 mm-thick plate increased by 3%, 4.2%,
and 8.1%, respectively. Further increasing the plate thickness to 8 mm resulted in improvements of 5.6% in
cracking load, 5.9% in yield load, and 12.6% in ultimate load. Increasing the steel frame thickness enhances
the local stiffness at the section edges, strengthens the cooperative action between the UHPC slab and steel
frame, and facilitates more effective load transfer and distribution.
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Figure 16: Influence of steel frame thickness.

4.3.4 Influence of UHPC Strength
Fig. 17 shows the mechanical properties of composite decks with varying UHPC compressive strengths.

As shown, increasing UHPC strength results in a steady increase in the composite deck’s cracking, yield,
and ultimate loads. Specifically, decks with a UHPC strength of 140 MPa exhibited increases of 5.8%,
2.6%, and 3.6% in cracking, yield, and ultimate loads, respectively, compared to those with a strength of
120 MPa. Furthermore, when a 160 MPa UHPC was used, these improvements reached 11.6%, 6.4%, and
7.2%, respectively. This enhanced load-bearing capacity can be attributed to the high strength of UHPC,
which improves the compression zone of the UHPC panel, thereby delaying crushing and enhancing crack
resistance. However, it is important to note that since the composite structure predominantly depends on
steel reinforcement and frames to handle the main tensile forces, the contribution of increased UHPC
strength to overall load capacity is significantly less than that of panel thickness and reinforcement ratio,
serving more as an auxiliary improvement.

Figure 17: Influence of UHPC strength.
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Simulation results indicate that slab thickness exerts the greatest effect on ultimate bearing capacity,
with a 50 mm (50%) increase yielding an 18.8% improvement. The reinforcement ratio is also critical; halving
it results in a 44.6% reduction in ultimate bending capacity, underscoring the importance of adequate
longitudinal steel reinforcements. In contrast, steel frame thickness has a minimal impact, with a 33%
change causing only a 7.5% variation. The steel frame primarily provides structural support and connectivity
rather than directly contributing to load-bearing capacity. Since the UHPC slab primarily relies on steel
reinforcement and the steel frame to bear tensile forces, the UHPC strength has a limited effect on enhancing
the load-bearing capacity.

5 Design and Application Recommendations
Based on a thorough analysis of experimental and numerical findings, engineering design and appli-

cation recommendations for the studied composite deck are suggested. The initial step is to determine the
design load by assessing the impact of construction equipment, such as a 150-t crawler crane. It is crucial
to quantify the maximum bending moment and shear force exerted on the composite deck using the FE
simulation methodology.

In terms of material selection, the study recommends UHPC with specified properties: a minimum
compressive strength of 120 MPa and a fracture energy threshold of at least 100 N/m. Such specifications are
crucial for achieving the necessary load-bearing capacity and ductility. Regarding structural dimensions, for
standard 2.0 m-span trestle decks, a slab thickness of 100 to 120 mm is recommended to balance weight and
load-carrying capacity effectively. For applications involving heavier loads, for example, higher than 200 t,
an increased slab thickness of 150 mm is advised.

A longitudinal reinforcement ratio of 1.0% to 1.2% using HRB400 grade steel is recommended to ensure
adequate tensile strength and ductility. To prevent brittle failure, a minimum reinforcement ratio of 0.8% is
necessary. Additionally, the channel steel frame thickness should be evaluated, with a recommendation of 6
to 8 mm for steel plates made of Q345 material, to ensure sufficient lateral restraint and effective composite
behavior between the UHPC panel and the steel framework. The design’s safety margins must be meticulously
verified to ensure that the maximum stresses in both UHPC and steel remain within permissible limits.

6 Conclusion
To address the challenges posed by heavy construction loads and corrosive environments in temporary

construction trestles, this study introduces an innovative steel frame-UHPC composite deck. By integrating
numerical simulation, full-scale experimental testing, and parametric analysis, the research evaluates the
failure performance and effects of critical design parameters of the composite deck. The principal findings
are summarized as follows:
(1) The steel frame-UHPC composite deck demonstrates outstanding load-bearing and deformation

capacity. Full-scale three-point bending tests reveal an ultimate mid-span bending moment of
271.6 kN⋅m and a mid-span deflection of 560 mm, indicative of ductile flexural failure. Progressive
cracking in the UHPC panel, as opposed to abrupt brittle failure, confers favorable early-warning
characteristics for structural safety.

(2) Panel thickness (80 to 150 mm) and reinforcement ratio (0.5% to 1.3%) are the primary determinants
of ultimate load-bearing capacity. A 50% increase in panel thickness improves capacity by 18.8%, while
halving it reduces capacity by 39.6%. Likewise, halving the reinforcement ratio decreases capacity by
44.6%, whereas a 30% increase raises it by 21%. In contrast, steel frame thickness (4 to 8 mm) has
a negligible effect, causing only a 7.5% variation in capacity and serving mainly as a constraint and
connection element.
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(3) The steel frame-UHPC composite deck synergistically integrates the advantages of steel and UHPC,
achieving high load-bearing capacity, ductility, and promising durability potential. Its prefabricated,
modular design results in a self-weight of only 24 kN, facilitating rapid construction and assembly.
This system is well-suited to demanding environments involving heavy loads and corrosion, offering
a promising solution for temporary construction trestles and related applications.

(4) Although the developed steel frame-UHPC composite deck offers significant advantages in static
bending performance in the present study, the punching shear properties under heavy crawler crane
and the fatigue performance of the composite deck are recommended in future research.
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